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ABSTRACT
Biofouling is considered to be one of the greatest operational challenges of reverse
osmosis (RO) filtration for the production of potable water. Biofilms that form on the surface of a
membrane filter quickly reduce the performance of the filter, and therefore these filters require
constant treatment. Radioluminescence membrane biofouling control (RMBC) has been proposed
as an alternative to the prevalence of chemical disinfection for the control of biofouling on RO
units. Ultraviolet-C (200-280 nm) radioluminescence (UVC-RL) phosphors can convert a single
beam of X-rays into large quantities of UVC. In RMBC, incorporating these phosphors into the
feed spacers of an RO unit could allow for effective prevention of biofilm formation. In order to
determine the dose of X-rays, and therefore the costs, of preventing biofouling with this
technology, the critical UVC dose for biofouling prevention must first be experimentally derived.
The objective of this study was to develop the procedures and methods for deriving the
UVC dose-response required to prevent biofilm formation on membrane filters. This study
required a lab-scale membrane cell that emulates an RO unit while also allowing the surface of
the membrane filter to be continuously exposed to UVC radiation, but such an apparatus has not
been developed. Therefore, a large portion of this research was designing and constructing this
membrane cell.
This membrane cell is a crossflow unit that has a built-in, high UV-transmitting, fused
silica glass window. Once the membrane cell was constructed and proven to be capable of
withstanding the flow of pressurized liquid, the continuous flow configuration for operating the
membrane cell was established. Then, the experimental methods were developed for growing and
quantifying biofilm grown by a model biofilm-forming organism (Escherichia coli ATCC 25922)
on the membrane filter (polyvinylidene fluoride, 0.1 μm). Biofilm was shown to be quantifiable
in terms of cell density (CFUs/cm2) and mass density (mg/cm2). Once these methods were
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established, the methods for deriving the UVC dose-response of biofilm prevention were also
established. Though the UV dose-response itself was not determined in this study, UVC was able
to reduced biofilm growth on the membrane surface in terms of 2-to-3 log removal. Using these
methods, the research to find the UVC dose-response of biofouling prevention can start.
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1.0

INTRODUCTION AND BACKGROUND
Biofouling of membrane filters used in water treatment has become a widespread focus in

research and for industrial purposes. One of the most common methods to prevent biofouling of
membrane filters is to include chemical disinfectant, usually chlorine-based, in the feedwater.1
This disinfectant kills microorganisms in the feed space by a combination of multiple
mechanisms, including oxidation of the cell wall.2 However, chemical disinfectant will degrade
the membrane filters over time.3–5 Also, no one method thus far has been robust enough to fully
prevent biofouling over a wide range of conditions. To effectively prevent biofilm growth on the
surface of membranes, and to replace the prevalence of chemical antimicrobial in membrane
treatment processes, radioluminescence membrane biofouling control (RMBC) is being studied
as a new alternative for biofouling prevention.6
RMBC technology uses Ultraviolet-C (200-280 nm) radioluminescence (UVC-RL) to
inactivate bacteria in the feed channels of a spiral wound reverse osmosis (RO) unit. In this
technology, a flat-panel X-ray source supplies an X-ray beam that penetrates through a reverse
osmosis (RO) module, is absorbed by the UVC-RL feed spacers, and is then converted into
UVC.6 X-rays alone are not a practical method of biofouling prevention due to high costs and
large energy requirements, and UVC alone cannot penetrate through the casing of a RO unit.
However, a single X-ray photon can be converted into thousands of UV photons inside the RO
unit by the RL phosphors.6 Therefore, only a small dose of X-ray is required for complete
antifouling.
Nevertheless, even small doses of X-rays require a large amount of energy. The
economics of using X-rays in RMBC technology must be analyzed in order to determine the
applicability of this technology. In order to accomplish a true economic analysis of this process,
the amount of X-ray required to prevent surface colonization must be determined. Before the
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amount of X-ray required can be determined, the UVC dose needed to prevent biofilm growth on
membranes must be experimentally derived. This UVC dose can then be converted to X-ray dose;
the light yield from the RL phosphor (LaPO4:Pr3+) has already been estimated in a previous study
in this lab to be 1.x104 ph/MeV.6
The research presented in this thesis is focused on developing experimental methods for
determining the UVC dose-response relationship that will prevent biofilm growth on the surface
of a membrane filter. In order to develop these methods, a lab-scale membrane filtration unit,
known as a membrane cell, that allows complete exposure of the membrane coupon to the UVC
light was required. Unfortunately, there does not appear to be any such unit in existence.
Therefore, a large portion of this study was to design and construct a membrane cell that allows
the entire membrane surface to be exposed to UV light as water containing microorganisms
continuously passes over it. A model organism was researched and selected to grow biofilm in the
membrane cell. Using this organism, experimental methods for biofilm growth in the membrane
cell were developed. Once experimental methods are developed, the experimentation of how
exactly UVC affects biofilm growth on the surface of a membrane can be conducted. The results
of this study allow for two sets of data to be measured: (1) biofilm growth (in terms of total solids
and cell density) without UVC irradiation, and (2) biofilm growth under UVC irradiation.

1.1

Broader Application of This Research
Though the focus of this research is specifically for RMBC, UVC dose-response on

biofilm-forming organisms is critical for other applications of UVC focused on preventing
biofilm formation. In particular, the rapid maturation of small and robust UVC LEDs is enabling
new applications for deterring bacteria with UV that are not suitable for low-pressure mercury
lamps. Examples of these applications include Legionella in hospital shower heads,7,8 medical
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and dental equipment,9 marine applications,10,11 and food processing.12 Understanding the UVC
dose-response of biofilm prevention would allow estimations for design and effectiveness of
these LEDs, resulting in optimization of their application.

1.2

Previous Research on RMBC’s
The effectiveness of RMBC technology was demonstrated by the inactivation of

Escherichia coli (E. coli) by members of the Cates’ lab.6 A concentrated E. coli suspension over
phosphor-coated petri dishes covered with polystyrene lids was exposed to an X-ray beam at
various doses. A dose of 74 Gy resulted in 2.1-log inactivation by the LaPO4:Pr3+ coating. This
loss was attributed to UVC exposure as well as some viability loss from X-ray exposure. In
comparison, the same X-ray dose using no RL phosphors resulted in only a 0.6-log inactivation,
reflecting the lower biocidal action from X-rays alone. Control tests showed no chemical toxicity
of the RL phosphor to the E. coli.
The effect of both X-ray and UVC radiation on membrane coupons was studied by the
Cates’ lab as well.6,13 The data showed that neither X-rays nor UVC had any immediate effect on
membrane performance (i.e. how well the membrane filters water). Based on results from this
study, it would take approximately 3.4 years for membrane performance to be compromised due
to UVC. Based on a study by Combernoux, et al., polyamide membranes could endure RMBC for
over 9 years.13 Compared to chemical disinfectant, some polyamide membranes have zero
chlorine tolerance.14
The economic analysis of the RMBC technology is related to the energy requirements
weighed against the energy savings gained from using a lower system pressure of this RMBC-RO
system. The preliminary economic analysis predicted a net energy savings of 545 kWh/yr per
40.5” membrane element.6
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1.3

Membrane Filtration and Biofouling
The use of membrane filtration for creating potable water begin in the 1980’s, and has

now become commonplace throughout the water treatment industry.1 Membrane filtration
removes constituents from water based on the differences in their permeability.1 The most
common types of membrane filtration found in municipal water treatment are microfiltration,
ultrafiltration, nanofiltration, and reverse osmosis.1 RO systems can even remove constituents as
small as monovalent ions, such as Na+ or Cl-, making RO especially useful for saltwater
desalination.1,2
Membrane filtration is very effective at removing microorganisms from water that are
potentially harmful to human health and that are difficult to treat otherwise, such as
Cryptosprodium.1 Bacterial removal by filtration in some cases is higher than 8-log.1 The
unfortunate side-effect of efficient microbial removal is that the microbes rejected by the
membrane may attach to the surface of the membrane and form biofilms.1 These biofilms cover
and/or clog the pores of the membranes, subsequently decreasing how effective the membrane
unit can treat water. In RO membranes specifically, biofilm formation enhances the concentration
polarization of water constituents, increasing hydraulic resistance, resulting in a decrease of
permeate water.15 The spiral wound element and the environment of an RO unit provide a good
host for microbial attachment and thus the formation of biofilm.16
The decrease in membrane performance due to biological activity is referred to as
biofouling. The persistence of biofouling has even been referred to as the ‘Achilles heel’ of RO.17
In general, fouling of membranes is seen as the most significant issue affecting design and
operation of membrane filtration.1,5,15 Fouling requires frequent cleaning and shortens membrane
lifespan, drastically effecting the economics of membrane filtration.15,18 Pretreatment of the water
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before passing through the membrane filters can help reduce fouling on the membrane surface,
but just a few bacteria cells entering the membrane filter are enough to form biofilm.5,17,19

1.4

Biofilm Formation
Biofilms are formed when microbial cells “self-assemble” into highly integrated,

structured, and complex communities. Typically, biofilms are divided into two zones: the base
film and surface film. These biofilms consist of microorganisms and particulate material. This
particulate matter is bound together by extracellular polymeric substances (EPS), formed by the
microbes themselves.20 EPS consists of the adhesive and cohesive matrix of biofilm.18 Diffusion
of materials into the biofilm layers is considered to be the major mechanism of molecular
transport. Inside the biofilm, transport is dominated by advection. The thickness of the biofilm,
therefore, largely encompasses the characteristics of the system as well as the diversity in the
biofilm community.20
The first step of biofilm formation occurs when planktonic (“free-swimming”)
microorganisms attach to a solid surface.21 This biofilm gives the organisms an environmental
advantage over planktonic bacteria.21 The solid surface can be impermeable or permeable, natural
or synthetic.20 Following attachment, the organism forms a community with other
microorganisms, either single-species or multispecies, known as a microcolony.21 Intercellular
communication between membranes of this community causes secretion of EPS, starting the
process of biofilm formation.21 Once a biofilm is formed, individual cells are capable of
detaching from the biofilm and becoming planktonic again.21 In this way, just a few cells can
form biofilms in multiple locations if the environmental conditions are right, which makes
biofouling even more complicated.
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1.5

Ultraviolet Radiation
UV radiation is broken up into the following four segments (listed in order of decreasing

wavelength): UVA, UVB, UVC, and vacuum UV.1 UVC occurs at a wavelength between 200 nm
and 280 nm.1,19,22As wavelength decreases, UV becomes less able to penetrate water.23 Below 200
nm, UV cannot penetrate water at all.1 Therefore, all of vacuum UV and a majority of UVC
cannot penetrate through the atmosphere due to atmospheric moisture.23 Between 200 nm and 300
nm, DNA molecules absorb UV photons, to cause a photochemical reaction.22 Because of this,
UVC is considered germicidal.1,24 Low-pressure mercury lamps, like the one to be used in this
study, produce almost entirely UVC of wavelength 254 nm.1 Consequently, UV germicidal
studies typically are found using the wavelength of 254 nm.
Compared to other disinfection methods, UV is the most understood disinfectant
mechanistically.1 UVC photons directly interact with nucleic acids of an organism’s DNA
(deoxyribonucleic acid) or RNA (ribonucleic acid).1 If two thymine or cytosine are adjacent to
each other, UV light dimerizes the nucleic acid molecules, which inhibits transcription of the
cell’s genetic code.1,24 These pyrimidine dimers can either impede the organism’s DNA
polymerase completely or cause misreading of the DNA sequence.24 If the effect is great enough,
the organism will not be capable of producing the necessary proteins to survive, thus killing the
organism. Typically, UV light does not, in fact, kill the organism directly, but instead prevents
reproduction.1 UV inactivation has been found to be an effective treatment option even for
antibiotic-resistant bacteria.25
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1.6

Review of Related Literature
A few studies have examined using UVC for biofouling prevention, but only as a

pretreatment method. For example, Yu, et al., examined the effect of UV pretreatment of a
ultrafiltration unit using UVC coupled with coagulation.19 They used transmembrane pressure
(TMP) to quantify both the membrane deposits in both the cake layer and in the membrane
pores.19 Their results demonstrated that there was no increase in TMP when the system was used
with the UVC pretreatment, whereas there was an increase in TMP when the UVC was not
used.19
Many studies have been conducted that look at the UV dose-response of biofilms, but not
for membrane treatment. Said, et al., studied the UVC dose-response on the formation of static P.
aeruginosa biofilm.22 Elasri and Miller developed a method of quantifying the effect of UV on a
P. aeruginosa biofilm.26Pereira, et al., studied the resistance of P. aeruginosa to UVC for the
purpose of analyzing the effect of UVC in hydropathic respiratory treatment equipment.27
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2.0

OBJECTIVES, HYPOTHESIS, AND TASKS

(1) Design and construct a lab-scale crossflow microfiltration unit that allows the
membrane surface to be continuously exposed to UVC delivered by a UV collimator.
Hypothesis: The membrane cell developed will function like a membrane filter, but
while allowing the membrane surface to be exposed to UV light, and at a much cheaper
cost than standard membrane cells on the market.
Tasks:
i.

Create a conceptual diagram of the membrane cell.

ii.

Develop a 3-D model of the membrane cell.

iii.

Use machining tools available at Clemson University’s Rich Lab to construct the
membrane cell.

iv.

Configure the membrane cell flow system.

v.

Prepare a step-by-step manual for reconstructing the membrane cell, including all
of the materials and costs.

(2) Develop methods for quantifying biofilm formation in the membrane cell.
Hypothesis: A specific strain of bacteria that is capable of biofilm production will form
biofilm on the surface of the membrane filter inside the membrane cell that is quantifiable
in terms of mass and cell count.
Tasks:
i.

Select a model organism for biofilm formation.

ii.

Confirm the organism of interest will form biofilm on the membrane surface.

iii.

Configure methods for quantifying biofilm growth.

iv.

Prepare a lab manual for quantifying biofilm using the membrane cell.
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(3) In order to establish UVC dose-response for biofilm prevention, UVC must first be
demonstrated to prevent biofilm formation on the membrane surface.
Hypothesis: UVC is capable of preventing biofilm formation at a specific dose rate on the
surface of the membrane filter in the membrane cell.
Tasks:
i.

Finish preparing the UV collimator.

ii.

Prepare and simplify the necessary calculations for UV dose.

iii.

Quantify biofilm under UV exposure.

iv.

Compare results to non-UV exposure.

v.

Include these methods in the lab manual from Objective (2).
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3.0

MATERIALS AND METHODS

3.1

Model Organism
A bacterial strain that easily forms biofilm was required for this study. E. coli is an

important gram-negative model organism for biofilm formation on abiotic surfaces.28 E. coli is
not necessarily seen as a problematic organism in RO biofouling, but it is commonly found in the
natural environment. E. coli is also the most common bacterium found in biofilms on catheters,
and is the most commonly found cause of urinary tract infections (UTI’s).29,30 Pratt and Kolter
used a specific strain of E. coli to investigate the biofilm-forming capabilities of E. coli.31 They
found that E. coli 2K1056 formed biofilm on all the surfaces they tested, including polyvinyl
chloride (PVC), polypropylene, polycarbonate, polystyrene and borosilicate glass.31 It has also
been observed that certain E. coli strains can grow on membrane filters made of PVDF
(polyvinylidene fluoride).32,33
Classical laboratory strains (K-12) of E. coli do not seem to spontaneously colonize on
inert surfaces, but just a single point mutation enabled these lab strains to be capable of biofilm
formation.29 Therefore, a specific E. coli strain capable of good biofilm production for use in this
study was found in the literature. E. coli ATCC 25922 [Escherichia coli (Migula) Castellani and
Chalmers (ATCC® 25922TM)] is a moderate-to-strong biofilm producer.34–36 Several studies have
used this strain’s biofilm capabilities as the control for observing biofilm development of a wide
variety of other E. coli strains.35,37,38 ATCC 25922 is also recommended for medical laboratories
due to its adhesion properties.39 Like most E. coli strains, E. coli ATCC 25922 carries a biosafety
level one (BSL-1) rating, 40 which makes it a perfect organism for developing the methods
derived in this study. E. coli ATCC 25922 is used in numerous studies, especially as a standard
for media testing and antimicrobial susceptibility testing.40 If further understanding of the
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genetics of E. coli ATCC 25922 is desired, Minogue, et al., have completely mapped out the
genome assembly of E. coli ATCC 25922.41

3.2

Preparation of Agar Plates and Nutrient Broth
In this study, nutrient broth was used for preparing samples of E. coli and as the source of

nutrients in the experiments. Agar plates were used for determining cell count by spread plating.
The agar and broth used in this study were recommended by ATCC for E. coli ATCC 25922.40
The preparation of agar plates and broth solution was largely based on the instructions listed by
ATCC and by “E. coli Disinfection for Dummies” prepared by G. Curtis Reynolds and Elisabeth
G. West.40,42
3.2.1

Agar Plates
The agar used was BBL™ Trypticase™ Soy Agar (TSA). A single batch of liquid agar

was prepared by dissolving 20 g of TSA powder into 500 mL of deionized water (DIW).40 Once
the powder was completely dissolved, the flask of liquid TSA was autoclaved at 121°C for 20
min. The liquid agar solution was then taken to a sterile biosafety hood and poured into sterile
petri dishes. Once the agar had solidified, the agar plates ware stored in two closed containers at
4°C. The agar plates were removed from the refrigerator four to five hours before being used in
order for the plates to warm to room temperature and for the condensation on the lids to
evaproate.43
3.2.2

Nutrient Broth
The nutrient broth used was Bacto™ Tryptic Soy Broth (TSB). A single batch of TSB

was prepared by dissolving 15 g of TSB powder into 500 mL of DIW.40 Once the powder was
completely dissolved, the flask of TSB was autoclaved at 121°C for 20 min. The broth solution
was then cooled to room temperature and stored at 4°C.
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3.3

Propagation and Storage of E. coli Culture
E. coli ATCC 25922 was purchased from American Type Culture Collection (ATCC) as

a freeze-dried pellet. The propagation technique is based off the product sheet for E. coli ATCC
25922 and by “E. coli Disinfection for Dummies” prepared by G. Curtis Reynolds and Elisabeth
G. West.42,44
The pellet was rehydrated using TSB and then transferred to multiple Erlenmeyer flasks,
each containing 100 mL of TSB. The flasks were then incubated for 18 h in a shaking incubator,
set at 37°C and a rate of 115 rpm.42 Following the incubation, the inoculated broth was
transferred from the flasks to sterile centrifuge bottles. The bottles were then centrifuged for 10
min at 5000 rpm and 4°C.42 The supernatant was then decanted from the bottles, and the
remaining mass of E. coli was resuspended in the centrifuge bottles using 0.02 M phosphate
buffer solution (PBS). The resulting suspension was then poured into sterile 50 mL falcon tubes
and filled to 45 mL with PBS. The falcon tubes were centrifuged twice more to wash the TSB
from the E. coli. Following the last centrifugation step, the E. coli was resuspended in 45 mL of
PBS. All of the resuspended mass was transferred to a single sterile flask.
The propagated E. coli was then prepared to be stored in a -80°C freezer: glycerol is
required (20-30% total volume) to be mixed into the suspension solution (E. coli cells plus PBS)
to help preserve the bacteria during the freezing process.42 The damage caused by freezing cells at
-80°C is not fully understood, but it is believed to be due to osmotic stress on the cells.45 In 1954,
Hollander and Nell demonstrated that after the eighth cycle of freezing and thawing, a sample of
E. coli frozen in only broth resulted in a 99.999% reduction of living cells, while observing only a
27.6% reduction when the bacteria was stored in a solution with both glycerol and broth.46
Therefore, 9 mL of suspension solution and 3 mL of glycerol were added to 15 mL centrifuge
tubes until the flask of suspension solution became empty. The centrifuge tubes (approximately
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20) were then transferred to a -80°C freezer, where each frozen sample will remain viable for
many months.42
Prior to storing the tubes in the freezer, a liquid sample was taken from one of the
centrifuge tubes and placed onto a TSA agar plate. This plate was used to confirm that
propagation was successful and also doubled as a back-up culture if the freezing procedure was
unsuccessful. The following day, a small chunk of frozen E. coli was taken using a sterile
inoculating loop, spread on an agar dish, and incubated for 24 hours to confirm that the freezing
process kept the E. coli viable. Both agar dishes resulted in high amounts of E. coli growth.

3.4

Preparing E. coli Samples from the Frozen Stock
A small chunk of E. coli was scraped from the frozen stock (prepared in Section 3.3)

using a sterile toothpick (sterilized by autoclave) and inoculated directly into a premeasured
volume of TSB (typically 50-100 mL); isolating a colony first was not necessary because a pure
culture of E. coli was used. The vial of frozen sample was then returned to the -80° freezer as
soon as possible, as warming and refreezing of the sample can result in viability loss over time.45
The same frozen vial was used for a few months at a time before discarding it.
In a standard growth curve for planktonic bacteria, a stationary growth phase follows the
exponential (log) growth phase. At stationary phase, the growth rate of bacteria becomes equal to
the death rate, keeping the net concentration of living bacteria fairly constant.24 E. coli was grown
to stationary phase in order to control the concentration of planktonic in the solution pumped into
the membrane cell. Therefore, the inoculated TSB was incubated for 18 h in a shaking incubator
(115 rpm and 37°C) to reach stationary phase.47–49 Following incubation, the E. coli were
centrifuged twice at 3000 rpm for 15 min to wash the TSB from the cells.47
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3.5

Biomass Quantification
In this study, E. coli ATCC 25922 was used to grow biofilm on the surface of a

membrane filter to cause biofouling. The piece of membrane filter used in an experiment is
referred to as the “membrane coupon”. After an experimental trial, biofilm was removed from
the membrane coupon by sonication. Sonication is considered one of the best ways to remove
bacteria from a surface,39,50,51 and has been shown to be a much better removal of biofilm from
surfaces than by scraping.52,53 The biomass was then suspended in a fixed quantity of water,
hereon referred to as the “suspended biomass solution". Samples from the suspended biomass
solution were used to calculate total solids (TS) by dry mass measurement and viable cell count
by spread plating. Calculating both TS and cell count was necessary because exposure to UVC
may increase the amount of EPS produced by the stressed bacterium, but the biofilm itself may
not contain a large quantity of living cells.
3.5.1

Spread Plating
Spread plating is used to determine the amount of living cells in a liquid sample.24,43,54

For biofilm, spread plating was used to determine the amount of living cells in the suspended
biomass solution, and then converted to the amount of cells per area (cm2) of membrane surface
that the biofilm grew on.50,51 Serial dilutions of the bacterial sample were prepared from a 1 mL
aliquot of the liquid sample.54 Aliquots (0.1 mL) from each of these dilutions were put onto agar
plates using a pipette and sterile pipette tips,39,43 and spread over the surface of the agar using a
sterilized spreader.43 Once the aliquots soaked into the agar, the plates were inverted and
incubated for 24-48 hours.43,54 After incubation, the plates have easily distinguishable and
quantifiable amounts of colonies, which are counted by the naked eye.54 The assumption of
spread plating is that each individual cell forms one colony, but this is not always true.54
Therefore, the number of colonies on an agar plate are reported as Colony Forming Units (CFUs).
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The goal of spread plating was to have a single agar plate that contains between 30 and
300 CFUs, which is considered statistically valid.54 Above 300 CFUs, the plate is considered too
crowded; below 30 CFUs could involve a sampling error.54 The plate that contains between 30
and 300 colonies was used to calculate the concentration of CFUs the original bacterial sample.54
The concentration (CFU/mL) is calculated by:
Concentration =

𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

Eq. 1

CFU Count is the number of CFUs (between 30 and 300) on a single spread plate, Drop Volume
is the sample added to each agar plate (0.1 mL), and Serial Dilution is the serial dilution the 0.1
mL aliquot came from (10x). For instance, if a 1 mL aliquot was taken from the original sample,
used to make a series of 1:10 dilutions, and 0.1 mL of the 1:10,000 dilution results in the
formation of 50 colonies, then the concentration of CFUs in the original sample would equate to:
Concentration =

50 CFUs
∗ 10,000 = 𝟓𝟓 𝒙𝒙 𝟏𝟏𝟏𝟏𝟔𝟔 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪/𝒎𝒎𝒎𝒎
0.1 mL

For a planktonic solution, concentration in CFUs/mL is the final result. However, biofilm
is not related to the concentration, because the volume of the suspended biomass solution
technically is just a dilution of the biomass. The cell count of biofilm is instead related to the area
of the surface that the biofilm grew on. The total number of CFUs per area (cm2) is referred to as
the density. 50 Cell density is calculated by:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = Concentration ∗

𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑆𝑆𝑆𝑆

Eq. 2

where VTotal is the total volume of the original suspended biomass solution (mL) and SA is the
surface area of the membrane that biofilm grew on. Combining Eq. 1 into Eq. 2 gives the
expanded equation for calculating viable cell density:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
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∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∗

𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑆𝑆𝑆𝑆

Eq. 3

3.5.2

Total Solids
Total solids (TS) of the suspended biomass solution were determined by standard

procedure. This measurement does not distinguish between living cells, EPS, or dead cells. Three
aluminum dishes were first put into a desiccator three to five hours before adding specific
volumes of suspended biomass solution. The TS in each dish was calculated by:
𝑇𝑇𝑇𝑇𝑖𝑖 = (𝑚𝑚𝑑𝑑 − 𝑚𝑚0 ) ∗ 1000

Eq. 4

where TSi is the total mass of the sample (mg), m0 is the initial mass of the aluminum dish without
liquid sample (g), and md is the mass of the aluminum dish containing only dried solids after
being taken out of the 105°C oven (g).
The TS in each dish corresponding to the biomass that formed on the surface of the
membrane (mg/cm2) was calculated by:
𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝑇𝑇𝑇𝑇𝑖𝑖
)
𝑉𝑉𝑠𝑠

(𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ∗
𝑆𝑆𝑆𝑆

Eq. 5

where TSi was calculated in Eq. 4 (mg), Vs is the volume of the sample added to the aluminum
dish (mL), VTotal is the total volume of the original suspended biomass solution (mL), and SA is
the surface area of the membrane that the biofilm grew on (cm2).

3.6

UV Collimation
In typical UV dose-response studies, the UV dose is only correlated to log inactivation of

total cells. However, as the goal of this study was to prevent biofilm growth and not complete
disinfection, the biofilm growth at each UV dose rate will be instead normalized to the biofilm
growth rate without UV. This allows for a direct comparison of how effective the UV is in
preventing biofouling.
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In order to calculate the dose rate of UV supplied to the surface of the membrane coupon,
the UV intensity must be properly controlled. Collimators are the most common method for
standardizing and determining UV dose inactivation responses.1,55 The term “UV dose” is
commonly used in ultraviolet studies, but fluence is more appropriate since most of the UV
produced is not actually absorbed by the microbes.55 Also, collimators technically measure
irradiance (radiant power in the vertical direction on a specific area of a surface), but fluence rate
is the appropriate term for UV disinfection because inactivation can come from any direction.55
Regardless, a well-designed collimator allows the fluence rate and irradiance to be virtually the
same.55 The units of fluence rate are power per area, typically seen as mW/cm2. That is, the power
applied to the UV bulb (corresponding to how much UV is actually produced) divided by the
surface area of what is being irradiated. From this point on, the use of “UV dose” is used for
consistency among literature. The procedure for designing the collimator and the determination of
the collimator-determined UV dose were established by following the description given by
Bolton, et al.,55 and explained hereon. A majority of the collimator used in this study was
constructed by previous members of the lab group. Some adjustments made to this collimator are
discussed in Section 4.6.1.
3.6.1

UV Collimator Design
The collimator consists of a top section, a cylindrical collimating tube, and a base. The

top section of the collimator encapsulates the UV bulb, providing containment of the radiation. A
low-pressure UV bulb (emits light at a wavelength of 254 nm) was used in a collimator to deliver
a continuous dose of collimated UVC light to the membrane surface. During a single
experimental trial using UV, the current to the UV bulb must be constant, or the UV dose will not
be constant throughout the length of the experimental trial.55 The UV bulb has a built-in ballast
that regulates current, so fluctuation should not be a concern. The UV bulb was directly
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connected to a power outlet. The base of the collimator supports the structure, but is not
completely enclosed so that the membrane cell can be easily placed inside. The UV collimator
designed and constructed in the Cates’ lab is showed in Figure 1.

1

2
3

Figure 1. Preliminary set-up of UV collimator, showing the (1) cover encapsulating the UV bulb,
(2) the collimating tube, and (3) the base of the unit.
3.6.2

UV Dose Calculations
UV intensity and UV dose were calculated based on the description by Bolton, et al.55

These values must be correlated based on multiple UVC-adsorbing factors between the UV bulb
and the membrane surface. For a low pressure bulb, the average germicidal fluent rate is
calculated:55
𝐸𝐸′𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸0 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

Eq. 6

E’avg is the average germicidal fluence rate (mW/cm2). E0 is the radiometer reading at the center
of the membrane (mW/cm2). The Petri Factor (Pf ) correlates the UV intensity to the entire
membrane space, since the fluence reading is at the center of the membrane. By definition, the
Petri Factor is the ratio of average irradiance at the center of the dish over the area of the petri
dish (in this case, the membrane coupon). The Petri Factor requires finding the irradiance every 5
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mm of membrane surface area.55 A well designed Petri Factor has a value over 0.9.55 The
Reflection Factor (Rf), described by Fresnel Law, incorporates the transfer of the beam between
air and water. For a wavelength of 253.7 nm, the Reflection Factor is 0.975.55,56 To adjust for the
transmittance of the beam through the water to the membrane surface, the Water Factor is
calculated. The Water Factor incorporates the decadic absorption coefficient and the vertical path
length of the water in the membrane, incorporated into Eq. 7:55,56
1−10−𝐴𝐴∗𝑙𝑙

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐴𝐴∗𝑙𝑙∗𝑙𝑙𝑙𝑙(10)

Eq. 7

where A is the UV absorbance of the liquid (measured at 253.7 nm and a liquid depth of 1 cm)
and l is the depth of the sample (cm). The Divergence Factor establishes the divergence of the
UV beam between UV bulb and the membrane surface, thus is dependent on the distance between
the bulb and the membrane.55 The Divergence Factor is calculated in Eq. 8.
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =

𝐿𝐿
𝑙𝑙+𝐿𝐿

Eq. 8

where L is the distance from the lamp to the surface of the sample (cm). Substituting equations
for all of the factors in Eq. 6 yields the equation seen in Eq. 9.
𝐸𝐸′𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸0 ∗ 𝑃𝑃𝑓𝑓 ∗ 𝑅𝑅𝑓𝑓 ∗

𝐿𝐿

𝑙𝑙+𝐿𝐿

∗

1−10−𝐴𝐴∗𝑙𝑙
𝐴𝐴∗𝑙𝑙∗ln(10)

Eq. 9

Finally, the UV dose is then calculated by multiplying E’avg by the exposure time.55
𝐷𝐷 = 𝐸𝐸′𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝑡𝑡

where D is units of mJ/cm2, E’avg is in units of mW/cm2, and t is in units of seconds.
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Eq. 10

4.0

RESULTS AND DISCUSSION

4.1

Membrane Cell Development
In order to observe how continuous UVC irradiation affects biofilm growth on the

surface of a membrane, a lab apparatus was needed that emulates an RO unit, but that also allows
the surface of the membrane to be continuously exposed to a UVC beam from a collimator. There
are many crossflow membrane cells that emulate membrane filtration units, but no such unit that
allows the membrane surface to be exposed to UVC from a collimator. In order to accomplish
this study, a crossflow membrane cell was designed and constructed. A UV-transmitting glass
window was incorporated into the design of the membrane cell to allow the surface of the
membrane coupon to be continuously exposed to a UVC beam.
RO units require high pressure to overcome the osmotic pressure caused by the
concentration gradient of filtering the water through the small pore size of the membrane filter.
Incorporating these high pressures in a membrane cell using a glass window would easily
compromise the glass window’s structural integrity. Therefore, the membrane cell designed for
this study uses microfiltration membranes. A micron filter has a much larger pore size than an RO
membrane, recanting much of the required pressure caused by membrane resistance. Because a
micron filter is used as the membrane coupon, the membrane cell technically is a microfiltration
(MF) unit and not an RO unit. In theory, the biological growth seen in an RO unit is represented
by this MF membrane cell as long as the membrane cell is designed utilizing a crossflow set-up.
Though the membrane cell designed in this study is novel, the basic design of the
membrane cell apparatus was inspired by the Sterlitech CF042A crossflow membrane cell.
Figure 2 is an early conceptual diagram of the membrane cell design. A 3-D printed early
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rendition of the membrane cell can be seen in Figure 3. The design of the membrane cell is
hereon described.

Influent

Concentrate

Permeate
Figure 2. Early conceptual schematic of UV collimated beam and cell membrane.

Figure 3. 3-D printed model of the initial design of the cell membrane. 3-D printing courtesy of
Clemson University’s Architecture Department.
4.1.1

Membrane Support Piece
The membrane support piece is the most important component of the membrane cell.

Firstly, as the name implies, the membrane support piece provides the membrane coupon with
structural stability throughout the experimental process. Secondly, membrane support piece must
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be porous as to allow the filtered water through it. Third and most important characteristic, the
size of the membrane support piece directly dictates the size and overarching design of the
membrane cell.
In the design of the membrane cell, the membrane support piece directly determines the
area of the “active membrane surface”, which is the term for the area of the membrane coupon
that is used to grow, and thus quantify, the biofilm with and without UV exposure. The
membrane cell must be constructed in a way that eliminates the possibility of biofilm forming on
the membrane outside of the active membrane surface. Also, if the diagonal length of the
membrane support piece is greater than the diameter of the collimated tube, then portions of the
active membrane surface will not be exposed to the applied UVC. If the membrane support piece
is very small, then it would be difficult to quantify the amount of biofilm growing on the
membrane coupon. Consequently, the membrane support piece is solely responsible for
determining the length and width of the membrane cell.
A sintered steel membrane support piece was purchased from Sterlitech Corporation®.
The length and width of the membrane piece were measured by caliper to be 1.545” by 3.371”,
yielding an active membrane surface of 5.208 in2 (33.600 cm2). The membrane support piece has
a diagonal length of approximately 3.708”, which is less than the 4” diameter of the cylindrical
collimating tube.

Figure 4. Sintered steel membrane support piece purchased from Sterlitech Corporation®.
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4.1.2

Quartz Glass
Fused silica (“quartz”) glass is used for the glass window that allows UVC to transmit

through the membrane cell to reach the active membrane surface. The dimensions of the glass had
to be greater than those of the membrane support piece. Therefore, the dimensions of the square
glass sheet are 4” by 4” (with a thickness of 1/8”), purchased from Technical Glass Products®
(Figure 5). Quartz glass is known to have high UVC transmittance,57 which can be observed in
Figure 6. The membrane cell was designed so that the quartz glass will be tightly sealed during
operation, but can easily be removed for cleaning or replacement.

% Transmittance

Figure 5. Photo of the quartz glass purchased from Technical Glass Products®.
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Figure 6. UV transmittance of the quartz glass measured with a spectrophotometer. Data shown
in graph is the average of three UV transmittance measurements.
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4.1.3

Membrane Cell Design
The final design of the membrane cell consists of three major sections. The bottom

section acts as a base for the whole unit and houses the sintered steel membrane support piece.
The middle section of the membrane cell houses the quartz glass and includes a chamber that
allows water to pass in and out of the membrane cell. The top section compresses the quartz glass
to prevent leaking, but was also designed to protect the quartz glass from cracking.
The body of the membrane cell was made from three clear cast acrylic blocks, each block
corresponding to one of the three sections described. The acrylic blocks are each 6” by 6”. The
thickness of the top acrylic block is 11/16”, 5/16” for the middle acrylic block, and 15/16” for the
bottom acrylic block. The acrylic blocks were cut using a milling machine, a drill press, and a tap
and die available at Clemson University’s Rich Lab. A hand-drawn schematic made before
physically constructing the final version of the membrane cell is shown in Figure 7.

Figure 7. Hand-drawn schematic of the membrane cell used.
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The membrane cell was designed so that it can easily be taken apart and reassembled. Six
holes were drilled through all three blocks, so that machine screws could slide down through the
entire membrane cell and be screwed into square nuts under the bottom block. The six machine
screws are screwed in and out using a Philips-head screwdriver.
To incorporate crossflow configuration into the membrane cell, the unit has a single input
(influent), and two outputs (permeate and concentrate). Liquid is pumped into the membrane cell
through the influent port. Any water that passes through the membrane coupon will be filtered of
its constituents larger than the membrane coupon pore size. This filtered water exits the
membrane cell via the permeate port, and is referred to as permeate. The remainder of the influent
liquid that does not cross the membrane coupon exits the membrane cell through the concentrate
port, and is referred to as concentrate. For conservation of volume at steady state conditions to
hold true, the following equation applies:
𝑄𝑄𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑝𝑝 + 𝑄𝑄𝑐𝑐

Eq. 11

where Qin is the influent flow rate, Qp is the permeate flow rate, and Qc is the concentration flow
rate.
The three ports (influent, concentrate, and permeate) were drilled using a drill press, and
threaded using a tap and die. The influent and concentrate ports were drilled into the left and right
side of the top acrylic block, respectively. The permeate port was drilled into the bottom-side of
the bottom acrylic block. The threads of quick-disconnect sockets were wrapped with thread seal
tape and screwed into each of these ports. Quick-disconnects allow for tubing to be quickly
attached and detached from each of these ports.
A rectangular sliver of the top-side of the bottom acrylic block was cut out using a
milling machine in order to house the sintered steel membrane support piece. Directly below this
cut, a series of shallow channels were drilled to provide flow paths for the liquid after it passes
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through the porous membrane support piece. All of the channels redirect the water to the
permeate port.
A vertical shaft was drilled completely through the middle of both the middle acrylic
block and the top acrylic block. This chamber allows the UVC light to pass through the body of
the membrane cell to reach the active membrane surface. This shaft is referred to as the “UV
shaft.” Since the length and width of the UV shaft is determined by the dimensions of the active
membrane surface, the length and width of the UV shaft are the same as the membrane support
piece: 1.545” by 3.371”.
A square sliver was cut out of the top-side of the middle acrylic block to house the quartz
glass window. When designing this unit, tightening down the membrane cell with the glass
directly contacting the acrylic caused the glass to break. To keep the acrylic from touching the
quartz window, a silicone gasket was attached by adhesive to the bottom-side of the top acrylic
block, and another below the quartz glass. These silicone gaskets also stop leaking from below
the glass. A third silicone gasket was attached to the top-side of the middle acrylic block to help
resolve leak issues. This gasket was only partially attached by adhesive so that the quartz window
can be easily removed from the membrane cell.
The portion of the UV chamber that is under the quartz glass and above the membrane
support piece is referred as “the flow chamber”. During operation, the flow chamber contains the
water that is exposed to UV light (the height of this chamber satisfies the variable “l” in Eq. 9).
Shafts were drilled from the influent and concentrate ports down to the flow chamber,
subsequently connecting the influent and concentrate ports to the flow chamber. This step
completes the crossflow configuration.
A rectangular ridge was cut into the bottom-side of the middle acrylic block, outside of
the flow chamber, for placement of an O-ring. A portion of the O-ring protrudes out of the ridge,
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so that it is compressed between the middle and bottom acrylic blocks when the membrane cell is
assembled. When compressed, the O-ring prevents leaking from between these two blocks.
Four shallow holes were cut into both the bottom-side of the middle acrylic block and the
top-side of the bottom acrylic block for placement of stainless steel pegs. The pegs are located
outside of the O-ring. These steel pegs are used to keep the membrane coupon in place, but also
to keep the bottom two acrylic blocks properly aligned during assembly of the membrane cell.
Assembly of the membrane cell is outlined in Section 4.2.2. The step-by-step manual to
replicate this membrane cell is found in Appendix A. A majority of the components of the
membrane cell were purchased from McMaster-Carr Supply Company® (a full list of materials
can be found in Appendix A). The total cost of parts to make this membrane cell was $266.82.
The cost of the Sterlitech CF042A crossflow membrane cell is $1,080.86,58 which does not
include the cost of the quartz glass. Photos of the finished sections are provided below
(b)

(a)

5

2
4
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1

Figure 8. Top-side of the bottom acrylic block with (a) and without (b) the pegs and membrane
support piece, showing (1) the holes for the screws, (2) the flow channels, (3) the permeate port,
(4) the stainless steel pegs , and (5) the membrane support piece.
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Figure 9. Bottom-side of middle acrylic block, showing (1) the O-ring (cut-to-length O-ring
purchased from McMaster-Carr), (2) the peg holes corresponding to the bottom block, (3) the
glass shelf, (5) the quartz glass, and (6) the flow channels.
(a)

(b)
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2

Figure 10. Top-side of middle acrylic block, showing (1) the quartz glass with silicone gasket
underneath, and (2) the silicone gasket pulled back (a) and fully closed (b).
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Figure 11. Top-side of the top acrylic block, showing (1) the influent port, (2) the concentrate
port, and (3) the UV shaft.

- 28 -

4.1.4

Membrane Coupon
E. coli ATCC 25922 form rod shaped cells with a width of approximately 0.6 μm and a

length of approximately 1.8 μm.59 Therefore, any membrane material with a pore size less than
0.5 μm will remove the cells. Initially, 0.1 μm polyvinylidene fluoride (PVDF) membranes were
used in the experiments. A 0.2 μm cellulose acetate (CA) membrane was tested, but the flow rate
required to reach the desired chamber pressure was too high for the pump used (Section 4.2.1).
Another membrane material or pore size may be tested in the future.
A new membrane coupon was required every time the membrane cell was run. The
membrane coupons used in the membrane cell were cut from a stock membrane filter roll
(Durapore®) on a sterilized cutting board, using a ruler and precision knife. The cutting board
was first cleaned with surface cleaner, and then washed with distilled-deionized water (DDIW) to
remove antimicrobial residue. Once the cutting board was dry, the stock membrane roll was
placed on the cutting board. The membrane stock was protected on both sides by paper. When
cutting the membrane stock roll, the PVDF material remains inside the paper cover as long as
possible to protect the membrane coupon from contamination. Using a ruler and pen/marker, the
dimensions of the membrane coupon were marked on the paper cover. The size of membrane
used for the study was 3+7/16” by 5+5/8”. The membrane coupon was much bigger than the
active membrane surface (1.545” by 3.371”), because the membrane coupon must encompass the
O-ring, the pegs, and the entire flow channel. Using the ruler as a straight edge, a precision knife
was used to cut the membrane coupon out of the stock roll.
Once the membrane coupon had been made, it needed to fit properly onto the bottom
acrylic block of the membrane cell. A hole-puncher was calibrated to cut four holes in the
membrane coupon that correspond to each of the four 0.25” steel pegs. The four holes were
punched, two at a time, into each of the long sides of the membrane coupon.
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4.2

Operation of the Membrane Cell
Once the membrane cell was constructed, it had to become functional (i.e., water could

be pumped through the membrane cell without leakage, it could withstand backpressure without
leaking, be operated without breaking the quartz glass). The development and configuration
described in Section 4.1 was largely influenced by making the membrane cell fully functional.
Consequently, the original version of the membrane cell looked quite different (Figure 12a). The
original design followed the conceptual diagram of Figure 2, as it only featured two acrylic
blocks with the glass window cut into the top of the top acrylic block. In the original design, steel
beams were used to compress the glass and to hold the membrane cell together. Instead of
silicone gaskets, the original design used silicone gel (the white material in Figure 12a). This
version of the membrane cell had many issues with leaks and broken glass. Even during the
process of making the final design functional, quartz glass was substituted for borosilicate glass,
as borosilicate glass is stronger and much cheaper than quartz glass. Once fully functional, the
procedure for operating the membrane cell was developed.
(a)

(b)

Figure 12. Original design (a) and the current design (b) of the membrane cell, both fully
assembled but without the membrane coupon.
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4.2.1

Pumps and Tubing

A Cole-Parmer® Masterflex® Peristaltic digital pump, (model 7522-30; pump head is model
77250-62) is used as the primary pump in this study. Peristaltic tubing (Masterflex® Puri-Flex™
Tubing L/S® 15) is used for all of the required tubing. The “influent tubing” is connected to the
pump, and brings liquid to the membrane cell. The “concentrate tubing” and the “permeate
tubing” transport liquid away from the membrane cell. The membrane cell is elevated upon a
metal shelving rack (as seen in Figure 13), to support the unit and prevent crimping of the
permeate tubing.
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Figure 13. Photo of membrane cell and pump, showing (1) the pump, (2) the pump head, (3) the
influent tubing, (4) the membrane cell, (5) the permeate tubing, (6) the concentrate tubing, and (7)
the metal rack.
A pressure gauge and a needle valve are connected in-line with the concentrate tubing
(Figure 14). The pressure gauge technically corresponds to the concentrate pressure, but the
concentrate pressure is essentially the same pressure in the flow chamber. Therefore, the needle
valve controls the chamber pressure. Partially closing the needle valve increases the chamber
pressure, subsequently filtering the liquid as it is forced through the membrane coupon. Due to a
liquid following the path of least resistance, no permeate would be produced without this
chamber pressure.
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Figure 14. The pressure gauge and needle valve in-line with the concentrate tubing. Liquid flows
from left to right, as indicated by the blue arrows.
4.2.2

Assembling and Priming the Membrane Cell
When assembling the membrane cell, the orientation of each piece is extremely

important; if aligned improperly, both the UV chamber and the pegs will not align perfectly. The
bottom acrylic block is placed on the metal rack so that the permeate quick-disconnect socket
penetrates through the bottom of the metal rack, the influent port points toward the front of the
rack, and the concentrate port points toward the end of the rack. The pegs are placed in their
respective holes in the bottom acrylic block. Before adding the membrane coupon to these pegs,
the quartz glass is inserted into the middle acrylic block with the silicone gasket underneath it.
Now, the membrane coupon is placed on top of the bottom acrylic block. The middle acrylic
block is then inserted on top of the bottom acrylic block, using the pegs for alignment. The top
acrylic block can then be placed on top of the middle acrylic block, keeping the screw holes
aligned.
The first step of inserting the screws is to put a washer on every machine screw. Next, the
six machine screws are then pushed through the screw holes and screwed into the square nuts by
hand. A screw driver is then used to tighten down the screws until the user begins to feel
resistance in the screwdriver. This is the most important aspect of tightening down the membrane
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cell, because if the screws are fully tightened down initially, too much stress will be put the on the
glass and the glass will break. The screws are tightened all the way down during the priming step.
The second most important aspect to tightening down the membrane cell is to do so slowly, or the
quartz glass may crack from such a specific force. The third most important aspect is that the
screws are tightened using an alternating pattern, as to not apply too much pressure on one
portion of the quartz glass, nor warp the acrylic.
Finally, the influent, permeate, and concentrate tubing are connected to the membrane
cell via quick-disconnects. The concentrate tubing is arranged so that it wraps around the end of
the rack and travels underneath the rack back to the front.

5
3

4
2

6
1
Figure 15. Fully assembled membrane cell, showing (1) the screws tightened down, (2) the
membrane coupon visible through the quartz glass, (3) the influent tubing connected to the
membrane cell via quick-disconnect socket/plug, (4) the concentrate tubing connected to the
membrane cell via quick-disconnect socket/plug, (5) metal rack, and (6) the container that
captures leakage.
The membrane cell must be primed before it can become operational. This priming step
eliminates any leakage out of the membrane cell. Leaking during the priming stage is expected,
because the membrane cell was not completely tightened when assembled. An aluminum
container is placed under the metal rack to capture any leaks, as seen in both Figure 15 and
Figure 16. For priming, the flow rate and concentrate pressure are increased to levels higher than
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that used during operation. Logically, if the membrane cell does not leak during high flow rate
and chamber pressure, then it will not leak during lower flow rate and chamber pressure.
To begin the priming step, the concentrate needle valve is set completely open. DDIW is
pumped through the membrane cell. Any leaks are fixed by slowly tightening the screws with a
screwdriver until the leak is stopped. During testing, a leak formed that was not fixed by
tightening down the screws. This is because a flow path has been created between the
compressible silicone gaskets. This leak was fixed by flushing all of the water out of the
membrane cell using air; the removal of water from the flow chamber closed the flow path.
Once all initial leaks are fixed, the rack is tilted so any bubbles trapped in the flow
chamber will flow out through the concentrate port. The concentrate tubing is also tilted to force
bubbles out of the piping. Once all the bubbles are removed, the chamber pressure is increased.
Again, the occurrence of any leaks is fixed by slowly tightening down the appropriate screws.
DDIW is recycled for a few minutes to observe any possible leaks. Once the membrane cell is
fully primed, the needle valve is opened (dropping the pressure to 0 psi) and the DDIW in the
membrane cell is flushed out of the membrane cell using air.
This priming step must only be done right before operation (experiment, testing, etc.). If
the membrane cell is tightened to prevent every possible leak, then that exerted pressure on the
drying material will cause the glass to crack if left unused.
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Figure 16. Photo of the membrane cell priming.

4.2.3

General Operation of the Membrane Cell
The main tasks when running the membrane cell are to monitor the pressure gauge in

case of a drastic increase in pressure and to constantly monitor the membrane cell for leakage. In
testing, there was not a pressure increase large enough to directly crack the glass, but increased
pressure caused leaks; since leaks are fixed by tightening the screws, this caused the glass to
crack. The maximum pressure tested was 15 psi. This pressure did not actually cause any leaks. It
is not fully understood why some lower pressures cause leaks while other times very high
pressures do not. It is also not fully understood why some instances of fixing leaks caused the
glass to crack while others do not.
4.2.4

Disassembly of the Membrane Cell
When the operation of the membrane cell is finished, the liquid is flushed out of the

system. If only water was used, air is used to flush out the membrane cell. If another solution
other than water is used, it becomes a case-by-case scenario. When pumping air through the
membrane cell, increasing the chamber pressure will force much of the remaining water through
the membrane coupon. The membrane cell is disassembled by unscrewing the machine screws.
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The membrane coupon is removed from the membrane cell by hand and either used for biomass
quantification (Section 4.5.7) or discarded. The membrane cell is dried using a microfiber cloth.
Microfiber clothes are used because of their ability to absorb water multiple times their weight in
liquid, collect dust, and have been shown to eliminate bacteria from surfaces up to 99%.60,61 After
operating the membrane cell, the top and middle acrylic blocks tend to be stuck together due to
suction between the silicone gaskets. Forceps are used to pry apart the blocks.
4.2.5

Cleaning and Disinfecting the Membrane Cell and Tubing
Before the membrane cell can be used in a biofilm experiment, the tubing and all of the

pieces of the membrane cell must be cleaned and disinfected. Unfortunately, the tubing must be
cleaned and disinfected by a completely separate process than the membrane cell. According to
the manufacturer, the Puri-Flex™ tubing can be disinfected by autoclaving, with ethanol, or by
gamma irradiation.62 Due to the metal piping, especially the pressure gauge, incorporated into the
concentrate tubing, and because the quick-disconnect plugs have a maximum temperature of
180°C,63 autoclaving of the tubing is not recommended. Instead, ethanol is used for disinfection
of the tubing. The materials of the metal piping (18-8 stainless steel, 304 stainless steel, and
chrome-plated brass) are all resistant to ethanol.64
The acrylic of the membrane cell is poorly resistant to ethanol.65,66 The cast acrylic of the
membrane cell has a maximum temperature of 170°F, according to the vendor’s website, 67 and
thus cannot be autoclaved. After autoclaving a scratch block of acrylic, the high temperatures
caused the acrylic to conform to the curvature of the bottom of the container it was held in. The
membrane cell is instead disinfected using sodium hypochlorite.65,66 Even saturated sodium
hypochlorite does not cause noticeable damage to acrylic after 30 days of constant exposure.65A
study by Chau, et al., demonstrated that after a 10-min immersion of dental acrylic resin plates in
0.525% sodium hypocrite, no E. coli ATCC 25922 cells were recovered from the plates.68 This
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study also observed the same results with P. aeruginosa ATCC 27852 and S. aureus ATCC
29123.68 The silicone gaskets in the membrane cell are known to have “fair” resistance to sodium
hypochlorite.69 The silicone can be easily replaced if they show signs of chemical degradation.
The effect of sodium hypochlorite on the quartz glass was not found, but quartz glass is known to
have high corrosion and chemical resistance.57,70
For cleaning and disinfecting the tubing, the influent tubing is connected to the pump,
and the permeate and concentrate tubing are individually connected to the influent tubing via a
straight connector (Figure 17). First, tap water (TW) is used to flush any solids out of the system.
A solution of 5mM ethylenediaminetetraacetic acid (EDTA) salt and 2 mM dodecyl sulfate,
sodium salt (SDS), as described in literature, 15 is then used to remove organics that have sorbed
to the sides of the tubing or in the metal pieces in the concentrate tubing. An ethanol solution
consisting of 70% denatured ethanol and 30% DDIW is used to disinfect the tubing. Air is used
after each step to flush the corresponding liquid out of the tubing. After disinfection by ethanol,
DDIW is pumped through the tubing three times to make sure residual ethanol is removed from
inside the tubing.

Figure 17. Influent tubing connected to the pump and to the permeate tubing via the straight
connector (circled).
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For disinfecting the membrane cell, a spray bottle of bleach (containing 1.94% sodium
hypochlorite) is used. Each block of the membrane cell is thoroughly cleaned using this spray and
a microfiber cloth. The membrane cell is rinsed and soaked in distilled water (DSW). This rinsing
process is used to remove residue hypochlorite as well, as remove solids. The membrane cell is
dried with a microfiber cloth.
Post-experiment, the tubing is flushed with TW and the membrane cell is cleaned with
DDIW and paper towel, but neither requires strict disinfection. In the future, if a higher biosafety
level organism is used, the materials will require disinfection following an experiment.

4.3

Flow Configuration
Both continuous and recirculation flow systems were considered for the experiments. In

both systems, the feed solution is pumped from a feed tank into the membrane cell. In a
recirculation system, the concentrate and permeate flows are returned back to the feed tank. In a
continuous flow system, the concentrate and permeate are wasted. Intuitively, continuous flow
systems require a much larger volume of feed solution for the duration of an experimental trial
compared to a recirculation system. Though a continuous flow system is more complex and
requires much more feed solution than a recirculation system, continuous flow provides a much
higher level of experimental control. As a result of these important experimental controls
described below, a continuous flow system was chosen for this study.
4.3.1

Continuous Flow Experimental Controls
The first of the added controls by utilizing continuous flow is the ability to accurately

regulate the concentration of E. coli entering the membrane cell by including a separate feed tank
of E. coli. In a recirculation system, the single feed tank is initially inoculated with a sample of E.
coli. In a short period of time, the concentration of E. coli in the central feed tank will no longer
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be constant, thus the concentration of planktonic cells entering the membrane cell will also
change.
Secondly, the concentration of nutrient in the feed tank can easily be controlled in a
continuous flow system. In a continuous flow system, the nutrient feed solution is prepared before
the experiment in a sterile container, and so the concentrations of nutrient remain the same for the
entirety of the experimental trial (assuming adequate mixing). In a recirculation system, nutrient
must be periodically added to the feed tank. Adding nutrient periodically to the feed tank results
in absolutely no control over the flux of nutrient entering the membrane cell throughout the
experimental trial. Change in nutrient concentration will alter the growth rate of the E. coli inside
the membrane cell and in the feed water. Not to mention that having to constantly add nutrient to
the feed tank is both very inconvenient and increases the possibility of contamination.
Thirdly, the UV absorbance of the feed solution in continuous flow is very consistent
throughout the experimental trial, because the concentration of constituents in both feed tanks is
controlled. As incorporated into the calculation for UV intensity (Eq. 9), the absorbance must be
consistent over the length of the experimental trial or the intensity will be changing, harming data
interpretation. In a recirculation system, continuously adding nutrient to the same volume of feed
solution will change the color of the feed solution, which in turn increases the UV absorbance of
the water.
Fourthly, a continuous system better controls the genetics of the E. coli being introduced
into the membrane cell. A recirculation system allows planktonic and detached bacteria to be
reintroduced back into the feed tank, which will then be recycled back into the membrane cell.
Though this may not be a problem during non-UV experiments, bacteria that have been exposed
to UV may experience minor mutations and/or transformations that will change how the E. coli
respond to UVC throughout the experimental trial. If the planktonic E. coli is genetically different
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at the end of the experiment compared to the beginning, then the data interpretation may once
again be impacted.
Fifthly, a continuous flow system greatly reduces the possibility of toxic shock. If a toxic
chemical is formed in a continuous flow system, it will immediately be flushed from the
membrane cell and wasted. In a recirculation system, if toxic chemicals or byproducts are formed
at any point in the configuration, they will be recycled and can even accumulate over time. If the
microbial cells are killed/inhibited by anything other than UV, UV may still be falsely attributed
to this effect.
Lastly, a continuous flow system better represents a water treatment system. In a natural
environment, the characteristics of the influent water are not drastically changing over a short
period of time. Also, the concentrate of a membrane filter is almost never fully recycled back
through the same filter.
4.3.2

Continuous Flow Set-up
There are a few different ways to implement continuous flow. One common way is to

have a mixing tank, where both the feed solution and the microorganism are combined and mixed
before entering the membrane cell. However, this method causes some design issues, such as
controlling contact time in the reactor, maintaining the same concentration of nutrient in the
mixing tank, being able to sustain the back pressure in the reactor, and concerns of E. coli
growing on the sides of the reactor. Instead, the flow of the nutrient feed solution and the flow of
the E. coli feed solution are combined via a stainless steel pipe tee. The pipe tee has two inputs
and a single output, all of which are the same pipe size to match the peristaltic tubing. One of the
inputs is the nutrient feed solution, which consists of DDIW, phosphate buffered saline (PBS),
and TSB as the source of nutrient. PBS is added to buffer the pH. The second input is the E. coli
feed solution. The E. coli feed solution consists of planktonic E. coli suspended in PBS.
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The feed tank that holds the feed solution is a 20 L polypropylene carboy. Polypropylene
is generally autoclavable, which is why this type of carboy was chosen. The vendor, The Lab
Depot Inc., also confirms that the carboy is autoclavable.71 Since longer experimental trials
require large quantities of nutrient feed solution, multiple carboys can be used to provide the
membrane cell with a continuous flow of feed solution, as long as they have the same
concentration of TSB.
The feed tank is closed off to the ambient air to prevent microbial contamination,
contamination from falling aerosols, and evaporation of the water out of the tank. However,
pumping out of an enclosed vessel will create suction inside the carboy. To address this, a 4 cm
hole was drilled in a carboy cap for placement of a foam plug. The foam plug is completely
permeable to gas, but impermeable to solids or liquid. The foam plug is also autoclavable.72 A
hole was cut through the foam plug so that the tubing can be inserted into the carboy. A second
peristaltic pump (Cole-Parmer® Masterflex® Peristaltic digital pump, model 7524-40; pump head
is the same) is used to input the feed solution into the membrane cell. This pump has higher flow
rates than the primary pump. The feed solution is pumped from the bottom of the feed tank by
adding a weight to the end of the tubing. The carboy is photographed in Figure 18.
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Figure 18. 20 L carboy used as feed tank, with foam plug and tubing attached to the pump.
The E. coli feed solution consists of stationary phase E. coli suspended in PBS. E. coli
ATCC 25922 has been shown to remain at constant concentration in PBS for many days.47
Currently, the E. coli feed tank is a pre-sterilized 1000 mL roller bottle. The feed solution in the
E. coli feed tank is continuously mixed using a stir bar and stir plate. A foam plug, just like the
one used in the nutrient feed tank, is used for the E. coli feed tank to prevent contamination. The
primary pump is used to pump the E. coli feed solution, because the primary pump has the
capability of much lower flow rates than the secondary pump. Figure 19 is of the roller bottle
filled with E. coli solution on the stir plate.
To confirm that the E. coli would remain at the same concentration when suspended in
PBS, an experiment was conducted. E. coli was cultured (Section 3.4) and suspended in 1000 mL
of 0.006 M PBS inside a roller bottle, and stirred at 60 rpm on a stir plate, just as during an
experiment. This is photographed in Figure 19. The experiment was run for 12 hours, which is
the current proposed maximum experimental length. Every 4 hours, a 1 mL sample was taken for
spread plating (Section 3.5.1). The concentration of E. coli was calculated using Eq. 1 and the
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results are shown in Figure 20. The data confirms that the concentration of E. coli remains at a
similar concentration for 12 hours. Another cell count was done after 51 hours to examine if the
cells were still maintaining a similar concentration for that long of a period. As seen in Figure 20,
the concentration remained the same for 51 hours as well. The pH of the solution remained
between seven and eight for all 51 hours.

Viable E. coli Counts (log CFU/mL)

Figure 19. 1000 mL roller bottle filled with centrifuged E. coli cells, stirred at 60 rpm.
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Figure 20. Viable cell count of E. coli suspended in PBS (0.006 M). Cell count performed via
spread plating.
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Five sets of tubing are used to accommodate this continuous flow configuration. The
influent, concentrate, and permeate tubing have already been established (Section 4.2.1). The
influent tubing now connects the membrane cell to the pipe tee. An addition set of tubing runs
from the nutrient feed tank, through the secondary pump, to the pipe tee. Another set of tubing
runs from the E. coli feed tank, through the primary pump, to the pipe tee. The entire continuous
flow configuration is seen in Figure 21.
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Figure 21. Complete set-up of the continuous flow configuration for the experiment, showing (1)
the nutrient feed tank, (2) the nutrient feed tubing, (3) the secondary pump, (4) the E. coli feed
tank, (5) the E. coli feed tubing, (6) the primary pump, (7) the pipe tee that combines the feeds,
(8) the influent tubing, (9) the membrane cell, (10) the permeate tubing leading to waste
container, and (11) the concentrate tubing leading to the waste container. Blue arrows show
direction of flow.
The concentrate and permeate flows during the experiment are wasted into 10 L HDPE
containers. They are captured independently because the disposal for each is different. The
concentrate flow contains low concentrations of E. coli, therefore, a solution of 10% sodium
hypochlorite is added to the concentrate container before disposal. Since the E. coli is BSL-1, the
low concentration waste can be disposed of like any non-hazardous liquid waste. The permeate
flow will not have any microbial contents, so it does not require any chlorination before disposal.
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4.3.3

Determination of Flow Rate and Chamber Pressure
The flow rate of the E. coli feed solution must be much lower than the flow of the

nutrient feed solution in order to conserve the amount of E. coli cells that are required for the
experiment. The flow rate of the combined feed solution is kept very low in order to minimize the
possibility of shearing of the biofilm growing on the membrane surface. The original idea was to
sustain a chamber pressure of 5 psi during the experimental trial. During recirculation testing of
the membrane cell, a flow of 70 mL/min easily accomplished this pressure. To increase the length
of a possible experimental trial, the flow rate of the nutrient feed tank was chosen to be 40
mL/min and the flow rate of the E. coli flow rate was chosen to be 2 mL/min.
Tracer tests were run to see if the flows would actually combine in the scenario where
two flow rates, one much higher than the other, combine using only a pipe tee of uniform pipe
size under backpressure. This was demonstrated by running the continuous flow system
described, but the membrane cell was bypassed by connecting the concentrate tubing straight to
the pipe tee. The tracer used was standard food coloring.
For the first tracer test, 10 drops of blue dye were added to a flask of 200 mL TW,
representing the E. coli feed solution. The nutrient feed solution was represented by a flask
contained 400 mL of TW without any dye. The blue-colored feed was pumped at 2.0 mL/min.
The water feed was pumped at 40 mL/min. The color of the effluent was used to determine if the
small flow rate was able to mix with the larger flow rate without any backpressure. The result was
that the flows did mix, as shown in Figure 22. It is somewhat difficult to observe a color change
in the effluent tubing alone in Figure 22, but the effluent water pumping into the waste container
is definitely blue, showing that the flows were combined.
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Figure 22. Tracer test using blue colored water to represent the E. coli feed and clear water to
represent the nutrient feed solution.
A second tracer test was run using the same set-up, but two drops of yellow dye were
added to a flask of 400 mL of TW that represents the nutrient feed solution. The blue-colored
feed was pumped at 2.0 mL/min. The yellow-colored feed was pumped at 40 mL/min. Since the
chamber pressure will cause backpressure in the tubing during experimental trials, it is important
that back pressure does not hinder the mixing of the two influent flows. The pumps were turned
on and the needle valve was partially closed until a pressure of 5-6 psi was reached. In this
experiment, if the effluent flow remained completely yellow, then the blue feed was being
suppressed by the backpressure. As seen in the waste container in Figure 23, the green color in
the waste container demonstrated that the back pressure did not hinder the ability of the 2 mL/min
flow to mix with the 40 mL/min flow.

- 46 -

(a)

(b)

Figure 23. Tracer test using blue colored water to represent the E. coli feed and yellow colored
water to represent the nutrient feed solution.
A third tracer test was run by letting an air bubble into the E. coli feed tubing and
observing how the bubble moved through the E. coli feed tubing. This was performed by
removing the E. coli feed tubing for a few seconds, letting an air bubble form in the tubing, and
then replacing the tubing back into the blue water. It is not pictured, but the bubble was
noticeable moving along through the tubing at a seemingly constant rate. In conclusion of these
three tracer tastes, it was demonstrated that the configuration designed will work for these flow
rates. However, these flow rates can be changed in the future to increase the maximum
experimental length or to input less amount of cells into the membrane cell.
To determine if these flow rates would produce an actual chamber pressure of 5 psi in the
membrane cell, DDIW was run through the membrane cell using these flow rates. After the
priming and running of the cell for approximately 5 min, the percent recovery was calculated by
capturing the permeate and concentrate in separate graduated cylinders and using the following
equation:1
𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) =

𝑄𝑄𝑃𝑃
𝑄𝑄𝐹𝐹

∗ 100%

where QP is the flow rate of the permeate and QF is the flow rate of the influent.

- 47 -

Eq. 12

To obtain a pressure of 5 psi using these flow rates, the needle valve had to essentially be
completely closed. Because of this, there was almost a 100% recovery of permeate water. This is
not an accurate representation of filter systems, so the operating pressure was decreased to 4 psi.
A pressure of 4 psi gave the following data:
Table 1. Percent recovery of DSW with a combined flow rate of 40 mL/min and 2 mL/min and
with a concentrate pressure of 4 psi.

Trial
1
2
3

Volume (mL)
Conc.
Perm
7.5
50.0
7.0
49.0
7.0
50.0

% Recovery
87.0%
87.5%
87.7%

The average percent recovery at 4 psi was 87.4%. Due to a more accurate representation of a real
filter system, 4 psi was set as the experimental standard.
Once these conditions were set, the combined flow rate needed to be determined because
the flow rates set with each peristaltic pump may not be perfectly accurate. Due to steady state
conditions in the membrane cell, the combination of the concentrate and permeate flows should
closely resemble the flow rate entering the membrane cell. Applying Eq. 11, the combined flow
rate should be 42 mL/min. Applying pipe resistance, the combined flow rate should really be
slightly lower than 42 mL/min. To measure this, the permeate and concentrate flows were
combined in a single graduated cylinder, and the time it took to fill to 20 mL was recorded using
a stopwatch:
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Table 2. Calculation of combined flow rate of the permeate and concentrate under steady state
conditions.
V (mL)

t (s)

Q (mL/min)

0

0

-

20

25.57

46.9

40

25.56

46.9

60

25.36

47.3

80

25.76

46.6

From the data in Table 2, the average flow rate was 47 mL/min. This shows that the flow
rates of the pump are higher than what they display on their digital screens. Therefore, any time
that the flow rates are changed, the actual flow rates should be measured in this way.

4.4

Filtering the Nutrient Broth
The first major step of the biological portion of this project was to make sure E. coli will

form biofilm on the membrane surface. A simple experiment to confirm this was conducted,
using recirculation for convenience. In the experiment, the feed tank contained 600 mL of DDIW
water, with a PBS concentration of 0.01 M, and an initial E. coli addition of 0.5 mL. After 7
hours, visibly observable biofilm formed on the membrane coupon. At the time, the biofilm
quantification process had not been firmly established, so the data from the experiment is not
reported. However, the dried biomass looked very similar to TSB powder. It was concluded that
the TSB was contributing to a large fraction of the TS measurement. To solve this problem, the
TSB used in the experiments is filtered before being added to the nutrient feed solution. The TSB
is filtered using the membrane cell itself; filtering the broth with the same 0.1 micron PVDF
membrane that is used during the experimental trials removes solids that would otherwise be
incorporated into the TS measurement. The result of filtering the TSB after an experimental trial
is observed in Figure 24.
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(a)

(b)

Figure 24. The membrane coupon after an experiment (a) using unfiltered TSB and (b) filtered
TSB. The pink discoloration is caused by the O-ring.
4.4.1

Filtering TSB Procedure
The filtered TSB is prepared the same way using the same materials as discussed in

Section 3.2.2, except the TSB is filtered using the membrane cell prior to autoclaving. The stepby-step process for filtering the broth is found in Appendix B. The set-up of the membrane cell
for filtering TSB only requires one pump and a single influent tubing. Once a flask of TSB is
prepared, the flask is used as the feed tank for the membrane cell. A foam plug is put into the
mouth of the flask to prevent contamination.
Before filtration can occur, the membrane cell and tubing must be disinfected, assembled,
and primed (Section 4.2.5 and Section 4.2.2). Broth is then run through the membrane cell at 110
mL/min, and the concentrate pressure is increased to 6 psi. This pressure will increase due to
filtering, so the pressure is monitored and maintained at 6 psi throughout the filtering process.
The concentrate is sent back to flask containing the original TSB solution, while the permeate is
sent to an empty flask. Eventually, the beaker containing the influent broth will become empty.
The broth is then filtered the same way twice more, so that the broth solution is filtered a total of
three times. After the third filtering, the permeate tube is removed from the membrane cell and
drained into the flask, while the small amount of TSB in the concentrate is wasted. The
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membrane cell is then flushed with DDIW to remove TSB from the system. The flask of filtered
TSB is then autoclaved and stored in a 4°C refrigerator.
4.4.2

Growth of E. coli on Filtered Broth
To ensure that filtering the broth would not hinder the growth of the E. coli, 100 mL of

both filtered and unfiltered broth were prepared, inoculated with E. coli (Section 3.4), and
incubated for 20 hours. The absorbance of the TSB at 600 nm was measured before and after
incubation. The difference between the two measurements represents the absorbance caused
strictly from E. coli cells. The results are shown in Table 3. The percent difference between the
filtered TSB and unfiltered TSB after 20 hour incubation is 1%, demonstrating that the filtered
TSB barely has any impact on the growth of E. coli.
Table 3. Absorbance at 600 nm of filtered and unfiltered TSB before and after incubation. The
absorbance attributed to E. coli is the difference between the absorbance of TSB before
incubation and after a 20 hour incubation.
Trial
1
2
3
4
Avg.

Pre-Inoculation
Unfiltered Filtered
0.0666
0.0726
0.0669
0.0723
0.0659
0.0724
0.0664
0.0724
0.0665
0.0724

20-Hour Incubation
Unfiltered Filtered
2.2965
2.2772
2.2990
2.2886
2.2904
2.2764
2.3026
2.2744
2.2971
2.2792

E. coli
Unfiltered
Filtered
2.2299
2.2046
2.2321
2.2163
2.2245
2.2040
2.2362
2.2020
2.2307
2.2067

It can be observed from the table that the filtered TSB actually had higher absorbance
than the unfiltered TSB, even though there was particle removal from the filtered broth. This may
be from wetting of the membrane coupon, which would remove a portion of the DDIW, but this
mechanism was not specifically identified. Since this filtering process removes any particles that
are not completely dissolved in solution, filtering the TSB also eliminates the need to have the
feed tank continuously mixed throughout the experimental trial.
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4.5

Experimental Procedure for Biomass Quantification
E. coli ATCC 25922 is used to grow biofilm on the surface of the membrane coupon in

the membrane cell. The objective is to quantify the amount of biofilm grown on the membrane
coupon, in terms of total mass and cell count, as a function of time. From the data in Figure 20,
the concentration of cells entering the membrane cell is approximately 108 per mL. This
corresponds to a rate of 1016 cells entering the membrane cell per minute. This rate is very high
and will likely be lowered in the future to more accurately represent a real system. But first, an
experimental procedure for running the membrane cell and quantifying the biofilm must be
established. The techniques and procedures are described, in order, below. The additions to these
methods when using UV are described in Section 4.6. The step-by-step methods can be found in
Appendix B.
Initially, the procedure for quantifying these parameters was to cut the membrane coupon
in half, where half would be used for total solids and the other half for cell count. However,
issues with cutting precision and the uneven growth of biofilm on the membrane surface make
this method unreliable. Instead, the membrane coupon is washed of unattached cells, and the
biofilm is physically removed from the membrane coupon by sonication. The removed biomass is
suspended into a fixed quantity of water, forming the suspended biomass solution. A sample from
this suspended biomass solution is used for cell count and another sample is used for total solids
measurement.
4.5.1

Water Usage
Four different types of water are used in this experimental process: DDIW straight from

the source (a Millipore filter system), stored bottles of DDIW from this source, DSW, and TW.
DSW and TW come from faucets in the laboratory. A cell count of both DDIW straight from the
source and DSW from the faucet were taken to see if either needed to be autoclaved before being
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used. A 0.1 mL of each type of water was spread on TSA plates and incubated for 24 hours at
37°C. Neither plate resulted in a single CFU. Therefore, DSW can be used to clean the membrane
cell, and fresh DDIW can be used in the nutrient feed solution, the E. coli feed, and for serial
dilutions in spread plating without sterilization. Stored DDIW is used in the preparation of TSA
(Section 3.2.1), TSB (Section 3.2.2), and PBS, because all three of these are autoclaved
regardless.
4.5.2

Preparation of PBS
According to the label of the PBS bottle (Sigma-Aldrich®), a tablet of PBS makes a 0.01

M buffer solution in 200 mL of DIW. PBS is prepared by dissolving tablets into 400 mL of stored
DDIW, and then autoclaved for 20 min. Three flasks of PBS are prepared: one containing three
tablets for the E. coli feed solution, one containing two tablets for the nutrient feed solution, and
one containing one tablet that is used during the centrifuging of the cultured E. coli. Foam caps
are put into the mouths of the flasks before autoclaving. The flasks were always cooled before
use. The pH of each batch of TSB was measured by pH probe to be between 7.30 and 7.50.
4.5.3

TSB Solutions
For the experiments, two batches of TSB are required: one filtered and one unfiltered.

They are stored in the 4°C refrigerator when not being used. Filtered TSB is used in the nutrient
feed solution. Unfiltered TSB is used for culturing E. coli in preparation for the experiment. The
unfiltered TSB is removed from the cultured E. coli by centrifuging, thus is not incorporated into
the experimental trial.
4.5.4

Preparing the E. coli Feed Solution
A fresh E. coli sample is used for each experimental trial. A sample of the frozen E. coli

stock is prepared, as described in Section 3.4, and directly inoculated into 50 mL of unfiltered
TSB (seen in Figure 25). The E. coli inoculated TSB is incubated for 18 hours to reach stationary
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phase. After incubation, the E.coli is centrifuged in a 50 mL falcon tube at 3000 rpm for 15 min,
as per literature.47 The resulting E. coli pellet is resuspended in 50 mL of PBS and centrifuged
again. After centrifuging the inoculated TSB, the pellet is added to 1000 mL of 0.006 M PBS in a
sterile roller bottle. The 1000 mL PBS is made from mixing the autoclaved 400 mL of PBS and
adding it to 600 mL of fresh DDIW. During the experiment, the E. coli feed tank is placed on a
stir plate and mixed with a sterilized stir bar at 60 rpm.
(a)

(b)

Figure 25. TSB before (a) and after (b) the 18 hour incubation.
4.5.5

Preparing the Nutrient Feed Solution
Initially, the amount of nutrient (filtered TSB) added to the feed tank is to give a 1:1000

dilution, as described by Herzberg and Elimelech.15 This nutrient concentration will change in
future experiments to observe the effect of the nutrient concentration on growth rate of biofilm in
the membrane cell. Targeted biofilm growth rates may be much faster than in actual SWRO
systems due to the optimal growth conditions. The resulting data and modeling using a higher
concentration of nutrient may allow for extrapolation of required dose rate to lower growth rate
scenarios.
During the experiments, the carboy holds 25 liters of feed solution (though it is called a
20 L carboy, the carboy technically holds up to about 28 liters). The 20 L polypropylene feed
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tank is autoclaved and cooled to room temperature. The concentration of buffer in the feed tank
does not need to be high because the contact time between the feed solution and the E. coli is very
low. The final concentration in the 25 L solution is 0.16 mM buffer. 25 mL of filtered TSB is
added to the 400 mL of autoclaved PBS via pipette and sterile pipette tip. The PBS and TSB are
then added to the empty carboy. The carboy is then taken to the DDIW source and filled to 25
liters (24.575 L of DDIW). The cap is tightened onto the carboy and the carboy is manually
shaken to mix the contents.
The carboys were marked by hand to measure up to 25 liters, but this method is not very
accurate. The average flow rate of DDIW source was measured at 158.8 mL/s, but with a
variance of +/- 4.8 mL/s. Also, the flow rate increased every single time measured (nine
measurements). The most accurate way to obtain the perfect 25 L would be to weigh the carboy
based on the density of water: 24.575 L is equivalent to 24.575 kg (54.076 lbs) of water.
4.5.6

Running the Experiment
For the experimental trials, the membrane cell and tubing must be disinfected (Section

4.2.5). For disinfecting, the nutrient feed tubing and the E. coli feed tubing are attached to the
pipe tee, the influent tubing is attached to the pipe tee and to the straight connector, and the
concentrate tubing is attached to the straight connector. Because of the continuous flow system,
the permeate tubing is just flushed with TW by itself. The details of the disinfection method are
outlined in Appendix B.
The membrane cell is then assembled and primed (Section 4.2.2). Once the priming stage
is complete, a final priming is commenced: the nutrient feed solution is pumped to the membrane
cell at 40 mL/min, any bubbles are removed from the flow chamber, and the pressure is increased
to 4 psi. Once the final priming is completed, the E. coli can then be combined to the feed at 2
mL/min. As soon as the E. coli feed solution enters the stream, the experimental clock is started.
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The membrane cell is monitored throughout the experimental trial in case of leaks or any
other issue in the configuration. The pressure is constantly maintained at 4 psi throughout the
experimental trial. Any kind of leak is easily fixed, but if the glass cracks, the experiment must be
stopped.
The pH of each feed solution is taken prior to the start of the experiment by pipetting a
sample from each and putting the sample on Hydrion® pH paper. The pH of each waste container
will be measured periodically using pH paper to confirm the concentration of buffer is sustaining
the pH in the system throughout the experimental trial. Given the state of DDIW and the buffer
added, the pH has not been outside the pH range of 7 to 8 thus far. For the experiments in this
study, the temperature is not precisely controlled at this time. Therefore, the temperature of the
feed tank will be the same as the laboratory temperature. Dissolved oxygen (DO) concentrations
should be the same as the ambient levels, because both feed tanks are open to the air via the foam
plugs. The tubing is also moderately permeable to oxygen, nitrogen, and carbon dioxide.62
Transmembrane pressure (TMP) is not measured currently, but may be incorporated by
measuring the volume of permeate and concentrate at specific times during the experimental trial.
TMP is used as a measurement to monitor the decrease in membrane performance due to any
fouling. Because TMP measurement is not a major parameter in this study, TMP would be a
secondary measurement, but may be useful as another source of data and for data verification.
4.5.7

Preparing for Suspended Biomass Solution
Once the experimental trial has ended, the flow chamber is rinsed. Rinsing the membrane

surface removes unattached or loosely attached bacteria, which is a very important part of an
adhesion study.39 Many biofilm studies utilize a rinsing procedure.73–77 However, rinsing must be
done without first flushing the nutrient feed solution out of the tubing, because an air-liquid
interface creates a strong shearing force that can detach adhered bacteria.39 The E. coli feed
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solution pump is paused so that the E. coli cells in the influent tubing can be washed out before
rinsing. The nutrient feed pump is then paused. The nutrient feed tubing is removed from the
carboy and put into 400 mL of fresh DDIW. The DDIW is then pumped through the membrane
cell at 70 mL/min, while dropping the pressure to 2 psi. When the DDIW is consumed, air is then
pumped through the membrane cell to flush out any remaining liquids. The pressure is kept at 2
psi until a majority of the liquid is removed from the flow chamber. Then, the pressure is
increased to approximately 12 psi to force remaining water through the membrane coupon.
Once the tubing and membrane cell are void of liquid, the membrane cell is disassembled
(Section 4.2.4). The membrane coupon is carefully removed from the membrane cell. It is
important to remove the portions of the membrane coupon outside the active membrane surface,
mainly the areas to the left and right of the active membrane surface, because these areas may
have formed biofilm or contain E. coli cells that would not have been exposed to UV. The active
membrane surface is very distinguishable from the non-active membrane surface. The cutting
board is cleaned, and then membrane coupon is placed on the cutting board. A precision knife is
flamed, and the non-active membrane surface of the membrane coupon is cut away and discarded.
(a)

(b)

Figure 26. Biofilm on left edge of the active membrane surface (before the membrane coupon is
cut). The biofilm outlines the shape of the membrane support piece (b), thus perfectly
representing the active membrane space.
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The membrane coupon (now containing just the active membrane surface) is then gently,
but thoroughly, rinsed using a bottle of DDIW to further remove any non-attached solids. The
membrane coupon is then placed in an empty 1000 mL beaker. The beaker is filled with DDIW
until the membrane coupon is completely submerged. DDIW is used instead of PBS, because the
salts in PBS would contribute to the TS measurement. The volume of DDIW used to submerge
the membrane coupon is minimized in order to decrease the dilution of the biomass. When first
performing this procedure, this required about 140 mL, but has been improved to just 50 mL. The
beaker containing the membrane coupon is then sonicated in a sonication bath for 10 min to
remove all solids from the membrane coupon. Figure 27 is a photo of biomass being removed
from the membrane coupon into DDIW by sonication.
After sonication, the membrane coupon is removed from the beaker using forceps. DDIW
is used to rinse the membrane coupon (and the forceps) into the beaker, and is then disposed of.
The 1000 mL beaker containing the suspended biomass solution is poured into a graduated
cylinder to measure the total volume. The 1000 mL beaker is rinsed with DDIW into the
graduated cylinder to ensure all of the biomass is captured. The volume of this solution is then
recorded. The liquid from this graduated cylinder is poured into a 150 mL beaker. The graduated
cylinder is filled with 5 mL of DDIW, swirled, and poured into the 150 mL beaker to wash out
any solids that may have remained in the graduated cylinder. This 5 mL is added onto the total
volume of the suspended biomass solution. An example of this suspended biomass solution is
found in Figure 28. The suspended biomass solution will is used for biofilm quantification.
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Figure 27. Membrane coupon in DDIW being sonicated. Note: color was altered to better
highlight the effect of sonication on the biomass.

Figure 28. Resulting suspended biomass solution from the sonication from Figure 27.
4.5.8

Biofilm Quantification
A 1.0 mL sample of the suspended biomass solution is taken by pipette to make serial

dilutions used in spread plating. The procedure for spread plating is found in Section 3.5.1. The
plate that has between 30 and 300 colonies is used to calculate the density of cells by Eq. 3. The
rest of the suspended biomass solution is used to measure the amount of TS from the active
membrane surface (Section 3.5.2). Usually 15 mL of suspended biomass solution is added to
each aluminum dish. Eq. 4 and Eq. 5 are used to calculate the TS. In Eq. 3 and Eq. 5, the
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variable “SA” refers to the active membrane surface, which is equal to 33.6 cm2 (from Section
4.1.1). Visual results from these calculations are seen in Figure 29 and Figure 30.

Figure 29. Spread plate of the suspended biomass solution from Figure 28.

Figure 30. Example of a dried biomass from the suspended biomass solution on an aluminum
dish.

4.6

UV Dose-Response Experimental Method and Testing
Two sets of data will be measured: biofilm growth without UVC irradiation, and biofilm

growth with UVC irradiation. The growth with the UV is then compared to the non-UV growth to
quantify how exactly the UV effects biofilm growth. The data will be analyzed by normalizing
the growth under a specific intensity of UV to the growth without UV as a function of time. This,
in turn, will provide the dose-response of the growth. The units of fluence rate are power per area,
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typically seen as mW/cm2. That is, the power applied to the UV bulb (corresponding to how
much UV is actually produced) divided by the active membrane space. Experiments will first be
run at a constant intensity. A minimum of three trials are run for each UV dose. Instead of
gradually increasing the doses between trials, they should follow random order.55
4.6.1

Changes to the UV Collimator

The description and set-up of the UV collimator is found in Section 3.6. Because the collimated
tube provides homogenization of the irradiation, the collimating tube should only have a
homogeneous irradiation field on a given surface; therefore, the reflection inside the tube should
be minimized.55 This was addressed by dulling the inside of the collimating tube. Studies using
collimators typically paint the inner surface of the collimated tube a flat, non-reflective black.78,79
Likewise, the interior of this lab’s collimating tube has been painted black. The interior of the
collimating tube is seen in Figure 31, and the impact of painting the inside of the collimating tube
black can be seen in Figure 32.

Figure 31. Looking down the collimating tube at the membrane cell.
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(b)

(a)

Figure 32. Glow of the UV collimator before (a) and after (b) painting the inside of the
collimating tube black.
The temperature in the collimator should be held constant, as temperature can affect
UV.55,80 This was addressed by building a fan into the top section of the collimator, as seen in
Figure 33.

Figure 33. Fan built into the top of collimator. Fan suctions air out of the cover that encapsulates
the UV bulb.
The platform that the membrane cell rests on during experiment should be at same height for
every trial.55 The metal rack helps address that issue, but either the base of the collimator will
need to be cut down or the membrane cell will be elevated so the distance between the collimated
tube and the membrane cell is minimized. A darkened cover is also placed over the membrane
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cell to prevent reflection of UV light and because UV may damage the acrylic over time. The UV
bulb is primed for 10 min before the E. coli is pumped into the membrane cell. As soon as the end
of the experimental trial is reached, the UV bulb is turned off.
4.6.2

Calculation of UV Dose for These Experiments
The Reflection Factor from Eq. 6 should technically include both the quartz glass and the

feed water, since the UVC is traveling through both interfaces. Instead of incorporating the quartz
glass into the Reflection Factor, the percent transmittance of the quartz glass is measured by a
spectrophotometer (at 254 nm) before the start of the experiment, immediately after the glass is
washed. Because of this, the Reflection Factor only represents the air-water interface, which is
assumed to be 0.975 (discussed in Section 3.6.2). The percent transmittance of the glass will also
be measured after each experiment to observe if the transmittance of the glass changes throughout
the experimental trial.
Since both the nutrient feed solution and the E. coli feed solution add color to the water,
the absorbance of the combination of both is measured. This absorbance is included in the Water
Factor from Eq. 6. Absorbance is measured by spectrophotometer at 254 nm. A cuvette filled
with DDIW is used as the blank in the spectrophotometer. Based on the design of the membrane
cell, the vertical length of the feed solution (l in Eq. 7) in the flow chamber is calculated by
subtracting the height of the middle block (5/16”) by the height of the quartz glass (1/8”), which
is 0.4763 cm. Just after the start of the experimental trial (right after the E. coli is pumped into the
membrane cell), samples of both feed solutions are taken by pipette, mixed, and added to a
cuvette. Since the two feed solutions are considered to be perfectly mixed in the flow chamber,
the absorbance is calculated from a simulated mixture of the two feed solutions. The E. coli feed
solution contributes 2 mL and the nutrient feed solution contributes 40 mL, for a total volume of
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42 mL. Therefore, as long as the E. coli feed solution has a ratio of 1:20 to the nutrient feed
solution, the mixture used for the absorbance measurement will represent the mixed feed solution.
The value of “L” in Eq. 9 is calculated by adding the distance from the bottom of the
collimating tube to the surface of the water to the length of the collimating tube. If the collimation
is configured properly, then L = 40 cm + 13/16” (height of the top acrylic block combined with
the two silicone gaskets above the quartz glass), or 42.064 cm. Incorporating the percent
transmittance of the quartz glass, L =42.064cm, l = 0.47625 cm, and assuming a Reflection
Factor of 0.975, the intensity equation (Eq. 9) can be simplified:
42.064 𝑐𝑐𝑐𝑐

1−10−𝐴𝐴∗0.4763 𝑐𝑐𝑐𝑐

𝐸𝐸′𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸0 ∗ 𝑃𝑃𝑓𝑓 ∗ 0.975 ∗ 𝑇𝑇𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 ∗ (
∗
0.4763+42.064) 𝑐𝑐𝑐𝑐 𝐴𝐴∗0.4763 𝑐𝑐𝑐𝑐∗ln(10)
𝐸𝐸′𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸0 ∗ 𝑃𝑃𝑓𝑓 ∗ 𝑇𝑇𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 ∗ 0.96408 ∗

1−10−0.47625𝐴𝐴
1.09661𝐴𝐴

4.7

Results and Discussion of Trials of Biofilm Quantification

4.7.1

Non-UV Trials

Eq. 13

Three non-UV trials were performed to test the methods of the control experiments.
These trials assisted in fine tuning the methods and the lab manual. Trial 1 had a few differences
from the procedure described in Section 4.5: the E. coli was not centrifuged, 125 mL of filtered
TSB was used instead of 25 mL, and there were some technical issues with the set-up during the
experiment. However, in just over 6 hours, a large quantity of biofilm had formed on the
membrane coupon. The volume of the suspended solids solution was 165.5 mL. The spread
plating of 0.1 mL of 1 x 105 dilution resulted in 135 CFU, corresponding to 1.4 x 108 CFU/mL
using Eq. 1. Using Eq. 3, the cell density was 6.7 x 108 CFU/cm2. The average TS measurement
from adding 20 mL of solution to the three aluminum dishes was 2.00 mg. Therefore, Eq. 5
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yields a mass per active surface of 0.566 mg/cm2. These results show that biofilm was indeed
grown and quantified on the membrane coupon, addressing the hypothesis of Objective 2.
Trial 2 was run using much more refined methods, but there was still some fine tuning.
The experiment was run for 6 hours in order to compare the results to Trial 1. The total volume of
the suspended biomass solution was 118.5 mL. The cell density was calculated to be 3.3 x 108
CFU/cm2. The TS calculation gave results of 0.212 mg/cm2.
Trial 3 was conducted in 6 hours using the same conditions as the second experiment, but
with all the methods described in Section 4.5. The total volume of the suspended biomass
solution was able to be reduced to 98 mL. The cell count density was 1.2 x 108 CFU/cm2 and the
TS measurement was 0.292 mg/cm2.
4.7.2

Discussion of Results from These Trials
Trial 1 resulted in the highest TS and cell count measurement. This is due to the higher

concentration of TSB used in this experiment. This shows that the effect of nutrient concentration
can be quantified using the membrane cell and this procedure.
Trial 3 should have had results closer to the results from Trial 2, but Trial 3 had more
defined methods to recover more of the biomass (in the second trial, to help minimize the volume
of the total suspended solids, the 1000 mL beaker and the graduated cylinder were not rinsed into
the suspended biomass solution) that led to better results. Not removing as many planktonic cells
in Trial 2 compared to Trial 3 would explain why there was a higher cell density but less TS. A
possible reason the mass may have been higher in Trial 3 is due to the lower volume of the
suspended biomass solution. Since the volume of the suspended biomass solution is based on
dilution, a lower total volume resulted in a higher probability of the mass being registered on the
analytical balance. A third possible reason that Trial 3 had better mass recovery may be because
Trial 2 did have some technical difficulties, like a high incidence of leaking. Because of these
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reasons, Trial 3 is believed to be the best representation of the results for a 6 hour experiment
without UV; however, more data is needed to confirm that these results are reliable.
A few studies in the literature of biofilm growth calculated cell density over a 24 hour
period. Though these studies are not perfectly applicable because they are either batch studies or
do not use E. coli, the cell density is compared to the cell density in the trials run. A batch study
of E. coli ATCC 25922 on catheter biofilms resulted in biofilm of 107 to 108 CFU/cm2 after 24
hours.81 A study of many different E. coli strains in a 24-well polystyrene plate after 24 hours
resulted in a density of about 108 CFU/cm2.82 A study by Luppens, et al., using Staphylococcus
aureus observed an average biofilm concentration of 9.1 x 107 +/- 4.4 x 107 CFU/cm2 of
Staphylococcus aureus biofilm on coupons in a flow-through reactor over 24 hours.77 Since Trial
3 had a cell density of 1.2 x 108, this comparison confirms that the cell density found in this study
is reasonable.
4.7.3

UV Trial
The quantification methods were testing during UV exposure to observe the impact of

UV on the biofilm growth, and to test the hypothesis of Objective 3. There are still some
components of the UV collimator that need to be optimized, but the trial would also further
develop the procedure for calculating UV intensity. The experiment was run using the same
methods from Trial 3, but while using the UV collimated beam (shown in Figure 34).
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Figure 34. Set-up of the study using collimation, showing (1) the nutrient feed tank, (2) the E.
coli feed tank, (3) the pipe tee connecting the nutrient feed tubing and the E. coli feed tubing to
the influent feed tubing, (4) the membrane cell with protective cover, (5) the UV collimator, and
(6) the permeate and concentrate tubing leading the to the waste container. Blue arrows show
direction of flow.
The intensity of the UV is calculated by Eq. 13. The quartz glass had a percent
transmittance of 87.757%. The absorbance of the feed solution was approximately 0.2979. The
process for stabilizing the Petri Factor had not yet been established, but is assumed to 0.9 (a
well-designed collimated beam, Section 3.6.2). The intensity at the center of the tube (E0) was
measured to be 237.0 μW/cm2.
𝐸𝐸′𝑎𝑎𝑎𝑎𝑎𝑎 = 237.0 𝜇𝜇𝑊𝑊/𝑐𝑐𝑐𝑐2 ∗ 0.9 ∗ 0.87757 ∗ 0.96408 ∗
𝑬𝑬′𝒂𝒂𝒂𝒂𝒂𝒂 = 𝟏𝟏𝟏𝟏𝟏𝟏. 𝟗𝟗 𝜇𝜇𝑾𝑾/𝒄𝒄𝒄𝒄𝟐𝟐

1 − 10−0.47625(0.2979)
1.09661(0.2979)

Therefore, using Eq. 10, the dose was:
𝐷𝐷 = 153.9

𝜇𝜇𝑊𝑊

𝑐𝑐𝑐𝑐2

𝑠𝑠

𝑱𝑱

∗ �6ℎ ∗ 3600 ℎ� = 𝟑𝟑. 𝟑𝟑𝟑𝟑 𝒄𝒄𝒄𝒄𝟐𝟐

After the 6 hour time period, the UV was turned off. The biomass quantification
procedure was performed. The smallest total volume of the suspended biomass solution was
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produced during this trial, with a value of 69 mL (down almost 100 mL from Trial 1). The cell
count density was 1.5 x 106 CFU/cm2 and the TS density was 0.205 mg/cm2.
4.7.4

Discussion of Results from These Trials
As discussed, Trial 3 is considered the most reliable of the three trials. The data from

Trial 3 is compared to the trial with UV to see how UV impacted the growth of biofilm. Of
course, many more trials of both non-UV and UV are needed to have reliable conclusions from
the effect of UV using these methods. The results of the two studies are shown in Table 4. The
percent loss is calculated by:
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = �1 − 𝑁𝑁

𝑁𝑁𝑈𝑈𝑈𝑈

𝑛𝑛𝑛𝑛𝑛𝑛−𝑈𝑈𝑈𝑈

� ∗ 100%

Eq. 14

where N represents the cell density or the TS measurements, per cm2.
Table 4. Quantification of biofilm of non-UV study compared to UV study. Experiments were
conducted for 6 hours. The non-UV study is represented form the data from Trial 3. UVC
intensity was 153.9 μWcm2.
Non-UV
UV
Percent Loss

Cell Density (CFUs/cm2)
3.7 x 108
1.5 x 106
99.6%

TS (mg/cm2)
0.292
0.205
29.6%

The intensity of 0.1669 mW/cm2 resulted in a percent loss of the cell density by 2.4 log
reduction and the total solids due to UV were reduced about 30%. The results conclude that the
methods developed can be used to quantify the effect of UVC on biofilm development in a
membrane cell, addressing the hypothesis from Objective 3. However, the result from the UV
trial is nowhere near being able to confirm that biofilm is prevented on the membrane surface.
Once the collimator is perfected, the percent loss will increase. The percent losses may also
increase if the concentration of planktonic bacterial is lowered. Related to this, the UV intensity is
calculated to the surface of the membrane, but not if the membrane has multiple layers of biomass
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on it. In this case, the bottom layers of the biofilm could have some sort of protection the top
layers of the biofilm, or from dead cells.
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5.0

FUTURE ENDEAVORS

5.1

Biomass Study Using Only Dead Cells
Since the nutrient broth is filtered, the only solids accumulated on the membrane surface

should originate from the E. coli bacteria. Therefore, a control experiment will use only dead cells
(culture set under UVC radiation for a specific time period) pumped through the membrane cell
to see how dead cells alone impact fouling over time. This procedure is also used to investigate
how the flushing/rinsing procedure impacts the TS results. Once this is determined, the amount of
dead cells that are not removed from the rinsing technique is then used as a control for the
determination of the critical dose rate.

5.2

Growth Curve of Biofilm
Once methods and all the controls are established, the first major data using these

methods is to determine an “S-curve” of biofilm growth on the membrane surface. In other
words, the goal will be to find the growth kinetics of E. coli biofilm on the membrane coupon,
and prove that they are consistent. The data obtained from this study will be quantified in TS and
the cell density as a function of time. This data also gives a frame of reference for UV studies and
is more importantly used to normalize the data from for the UV experiments.

5.3

UV Dose-Response of Biofilm Prevention
The kinetics of the dose-response relationship between UVC and biofilm prevention are

to be determined once the growth curve has been established. The critical dose rate is established
by increasing the UV intensity until the biofilm growth rate is equal to the results from the study
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using only dead cells. This dose rate is established as a function vs specific growth rate in the
absence of UV under identical growth conditions from the growth curve.
5.3.1

Effect of UVT254 on Biofouling
A series of experiments will be conducted to analyze the effect of changes in UV

transmissivity (UT254) on the biofilm growth. Humic acid will be used to control UVT254. Control
experiments will indicate if humics alone have an impact on fouling layer mass or viable cell
count. Critical UVC dose rate as a function of feed UVT254 will be modeled by regression
analyses.
5.3.2

UV Pulse Study
The growth rate under periodic high intensity UVC will be compared to more frequent

exposure of low intensity UVC. This will determine the most efficient strategy for applying UVC
irradiation in preventing biofilm growth.

5.4

UVC Dose-Response of Other Organisms
P. aeruginosa will eventually be studied in order to compare results of the UV dose-

response of multiple organisms. Pseudomonas aeruginosa (P. aeruginosa) is widely used as a
model organism in biofilm growth studies related to RO.18,83 P. aeruginosa is useful for these
studies because it prefers to grow in biofilms in aquatic environments.26 Pseudomonas is also the
most common genus isolated from real-world RO membranes.84 However, P. aeruginosa carries a
level two biosafety rating,85 which is why E. coli ATCC 25922 was used originally. This rating is
given to P. aeruginosa because it is an opportunistic pathogen that causes various infections and
is known for its resistance to antimicrobials and disinfectants.27
Eventually, Sphingomonas species may be studied. Studies have shown the substantial
presence of Sphingomonas species in biofilms in water treatment systems.83,86 In RO systems,
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Sphingomonas species were found to compose 27% of the total biofilm, highest among the
bacteria present.16 Bereschenko, et al., proposed in their study that sphingomonads are the key
biofouling organism.16 Gutman, et al., studied the impact of E. coli, P. aeruginosa, and S.
wittichii on RO biofouling.83 They found that S. wittichii grew better biofilm than the other two
organisms.83 In a comparisons study, S. wittichii dominated E. coli growth when grown on the
same membrane coupon.83 The UVC dose-response relationship relates to the other organisms.
A few studies monitoring biofouling of RO units have generally only used a few bacterial
strains.16 Though these models assist in understanding the fundamentals of biofouling, they do not
represent the conditions of true biofouling.16 In the future, a mixture of organisms can be used to
emulate a more ideal biofouling situation. The dose-response of a mixture of the bacterium
discussed could be compared to the dose-response of the individual strains to analyze if biofilm in
a community affects the amount of UVC required for biofilm prevention.
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6.0

CONCLUSIONS
The membrane cell designed in this study was shown to properly filter liquid without

leaking and under applied pressure. The membrane cell was also produced at a fraction of the cost
of other membrane cells. A manual for constructing the membrane cell was prepared and used to
produce another membrane cell by a group member of this lab.
E. coli ATCC 25922 was shown to be capable of forming biofilm in the membrane cell
and methods were developed that allowed the biofilm to be quantified. The lab manual for using
the membrane cell to quantify biofilm was prepared and tested by another lab group member.
The collimator was designed and used to properly provide a UV beam to this membrane
cell. A continuous dose of UVC was shown to at least partially prevent biofilm growth. A dose
was not found that fully prevented biofilm production, but the underlying procedure for doing so
was developed. The calculations for finding intensity and dose have been simplified and methods
to obtain the parameters for these calculations are provided.
With more testing and data, more justifiable conclusions can be drawn about how reliable
and effective this technology and these methods can be. The methods derived in this study will
allow for future group members to continue the UVC dose-response study of membrane-adhered
biofilms. The results of these studies will provide the opportunity for further understanding of
RMBC technology and for implementation of this technology for the goal of biofouling
prevention in various applications.
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A) Introduction:
This membrane cell is designed in constructed as part of the Thesis for Matt Vawter. The
membrane cell is a microfiltration unit used for growing and quantifying biofilm, for the
purpose of creating a UVC dose-response of for prevention of this biofilm.

B) Design Description:
•

Membrane cell consists of the
o Top acrylic block (~1” thick),
o Middle acrylic block (~5/16” thick)
o Bottom acrylic block (~1” thick).

•

The Top acrylic block should contain the following:
o Four holes cut for the screws.
o Ports (threaded) for the influent and the concentrate.
o Hole all the way through, that matches up with the cut that was made in the
Bottom block for the sintered steel piece (the entire membrane surface should
be exposed).
o Space for the permeate and concentrate to spread flow (avoid short-circuiting)
 Essentially an extension to the cut you made for hole.
o Four cuts for the placement of the pegs (that keep the membrane in place).
o Silicone gasket.
The Middle acrylic block should contain the following:
o Cut for the quartz glass (+ silicone gasket).
o Hole all the way through, that matches up with the cut that was made in the
Bottom block for the sintered steel piece (the entire membrane surface must be
exposed).
o Four holes cut for the screws.
o Four holes cut for the placement of the pegs (that keep the membrane in place,
and the blocks lined up properly).
o Cuts for placement of the O-ring.
The Bottom acrylic block should contain the following:
o Cut for placement of the sintered steel membrane support piece.
o Four holes cut for the screws.
o Four holes cut for placement of the pegs.
o Cut for placement of the square nuts.
o Flow channels below the sintered steel block.
o Port for the permeate.

•

•
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C) Parts List with Costs*
Item

Cost
(Total)

Quantity

Size

Vendor

Material

Item #

Acrylic Sheet, Top

1

6x6x11/16"

McMaster-Carr

Acrylic

8560K369

$ 11.38

$ 11.38

Acrylic Sheet, Middle

1

6x6x5/16"

McMaster-Carr

Acrylic

4615T44

$

$

Acrylic Sheet, Bottom

1

6x6x15/16"

McMaster-Carr

Acrylic

8560K379

$ 13.78

$ 13.78

Sintered Steel Membrane Support

1

4x4x0.5

Sterlitech

Steel

CF042 Filter

$ 94.54

$ 94.54

Quartz Glass

1

4x4x1/8"

Technical Glass Products

Quartz

$ 49.85

$ 49.85

Borosilicate Glass

1

4x4x1/8"

McMaster-Carr

Borosilicate

8476K14

$

8.76

$

8.76

0.73

$

2.19



Cost/Unit
5.82

Total
5.82

O-Rings, Square (per ft)

3

d=1/8"

McMaster-Carr

Silicone

1177N13

$

Silicone Sheet (40A, Med. Soft)

1

1/16" x 12x12"

McMaster-Carr

Silicone

1464N12

$ 15.95

$ 15.95

Silicone Sheet (70A, Hard)

1

1/16" x 12x12"

McMaster-Carr

Silicone

1464N13

$ 15.95

$ 15.95

Quick Disconnect (Socket, Open Flow)

3

1/4 Socket ID, 1/4" Pipe size

McMaster-Carr

Acetal Plastic

5012K61

$

8.98

$ 26.94

Quick Disconnect (Plug, Open Flow)

3

1/4 Plug OD, 1/4 Tube ID

McMaster-Carr

Acetal Plastic

5012K69

$

5.39

$ 16.17

Dowels Pins (10 count)

4

d=1/4" h=1/2"

McMaster-Carr

18-8 Steel

90145A537

Screws (25 count)

6

1/4" x 2.5"

Lowe's

Iron

Square Nuts (100 count)

6

1/4"

McMaster-Carr

Iron

Washers (5 count package)

4

1/4"-16

Lowe's

Iron

Teflon Tape

1

1/4" x 43'

Lowe's

Teflon

94855A247

$

3.44

$

0.34

$

1.38

$

6.58

$

0.26

$

1.58

$

4.71

$

0.05

$

0.28

$

1.09

$

0.22

$

0.87

$

1.38

$

1.38

TOTAL
*Does not include the end mills or drill bits.
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$ 266.82

D) Notes for Membrane Cell Construction:
•
•

•
•
•
•

•

•
•
•
•

•

If you have questions, always ask. Especially with the machines.
You will use the milling machine, drill press, and a tapping device that are available in
the workshop in Rich Lab.
o If you are unfamiliar with these machines, Dr. Lander, Rodney, or someone that
has done this before can assist you.
o CNC milling is unavailable at Rich Lab.
Be meticulous with every single cut. It’s better to take longer to finish than having to
order more materials and start over.
Always wear safety googles when using machinery.
I recommend wearing a medical-style mask. The acrylic is not necessarily toxic, but small
airborne particulates will form during cutting. I also found the smell of cutting the acrylic
nauseating after an extended period of time.
For the milling machine, this manual requires specific end mills:
o 1/8” end mill (part of full kit that belongs to Dr. Ladner’s lab).
o 1/4" end mill of cut length greater than 1” (property of Dr. Cates’ lab).
o A 3/8” and a 1/2" end mill are recommended.
o Specific material of the end mills is not required.
o Four-flute end mills are recommended.
Manual tapping of the acrylic block is needed to thread the:
1. The influent feed port
2. The permeate port
3. The concentrate feed port
Purchase at least one scrap acrylic block so you can practice your cutting and tapping.
This is also very useful for making sure your dimensions and sizing are correct.
Use sand paper to smoothen the acrylic after your cuts. You may want to do this as you
go to increase transparency for further cuts. After sanding it, use a wet paper towel to
“wax” what you just sanded. You can polish it as well, but that is not necessary.
We purchased acrylic scrap-fixer for any minor scraps. If there are major scratches, you
will need a different product.
The acrylic blocks come with paper that is protecting the surfaces. I recommend drawing
out everything on this paper before you start cutting. This will give you a visual for what
each block should look like when you are finished. Do not mill the blocks with this paper
still attached.
I strongly recommend tracing your cuts on the acrylic right before cutting so you have a
visual guide as well.
o Nothing besides sharpie would mark the acrylic, but it’s not easy to remove.
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E) Milling Measurements
Section 1 - Guide to Making Your Milling Measurements
•
•
•
•

Draw or trace (roughly) the piece you are measuring on a clean sheet of printer paper.
You will record a measurement for LENGTH, WIDTH, and HEIGHT of your part.
o Record to the thousandth inch (0.000”).
Use a caliper for your measurements. Record these measurements on the paper. Use
the caliper even if the manufacturer told you the dimensions, as they are typically off at
this scale.
Take more than one reading; sometimes the manufacturing of your piece may not be
perfect, and one corner has different values than another corner. Use best judgment to
determine what size you actually will cut too (typically the largest).

•

Now, you need your cut to correct for the size of the end mill you are using. This is
because you will start your cut on one side of the end mill, but end at the opposite side.
This is demonstrated in the image below.

•
•

So substrate your LENGTH and WIDTH by the diameter of the end mill.
Now, convert your measurements to “turns of the wheel” on the milling machine.
o The x and y directions of the milling machine make a full turn every 0.200 inch,
while the z direction is every 0.100 of an inch. This is VERY IMPORTANT to
remember.

•

Use this equation for your calculation of “number of turns”:
(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) ∗ 1000
LENGTH and WIDTH =
200
(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) ∗ 1000
Height =
100

•

•
•

Now, multiply your remaining fraction-of-a-turn by either 200 for LENGTH and WIDTH or
100 for HEIGHT. This will tell you how many units (of 200 or 100) on the wheels you
need to turn.
Record the starting number on the milling machine wheel, accounting for hysteresis.
Then add/subtract the fraction of a turn, and then move the wheel to that value.
Now, you will go the number of full turns.
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Section 2 - My Measurements for Reference (yours may be different because of
manufacturer margin of error)

1) Sintered steel piece (bottom block)
• Use 1/4” end mill for the outside cut.
• Use larger (3/8” or 1/2") end mill for the rest of the cuts (saves time) .
• Do your best to keep it in the middle of the acrylic block.
• Dimensions of cut (always use a caliper):
o Height (cut): -0.130”
o Width: 1.545”
o Length: 3.371”
• Milling numbers, accounting for 1/4” end mill (#turns+thousandths)
o Depth: 1+30
o Width: 6+95
o Length: 15+22
2) Window Cut (top block)
• Use 1/8” end mill for the outside cut.
• Use larger (1/2” or 3/8”) end mill for the rest of the cuts (saves time).
• Make sure to take the height of the silicone gasket into account (not applied here).
• Dimensions of cut:
o Height: -0.125”
o Width: 4.05”
o Length: 4.05”
• Milling numbers, accounting for 1/8” end mill (#turns+thousandths)
o Depth: 1+25
o Width: 19+125
o Length: 19+125
3) Square Nut Cuts
• Use both the 3/8” and the 1/8” end mill
• Dimensions of cut:
o Height: -0.180”
o Width: 0.4335”
o Width: 0.4335”
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F) Step-by-Step Manual to Making the Membrane Cell
Section 1 - Preparation of Acrylic Blocks
1) Setting Up
• Make sure the vise at the milling machine is secured evenly on the milling
machine. If it is crooked in any direction, then your cuts will be off.
• There will be some error, ( less than +/- 0.01) due to a few minor details, but you
want to minimize any calibration errors when you can.
2) Sizing/Shaping
a. Stack all of the blocks to make sure they are all the same size (width and length).
 The width/length of the blocks may be a mix of 6” and 5+7/8”
 It is best to reshape them now than later.
b. Measure how much you need to cut any of the blocks.
c. Secure the block at the milling machine with the vise, with the side you are
cutting hanging off the side of the vice.
d. Use an end mill that is longer than the thickness of the acrylic block. I used the
1/2" end mill.
e. Optional: while you are already doing this, you might as well “shave” all of the
sides of all of the blocks. Make sure to remove as little acrylic as possible.
 The sides are typically are very rough, so this will improve them for
aesthetic purposes.
 An advantage of doing this is allowing better visibility into the blocks.
f. Take sandpaper to the sides of the blocks.
g. Wipe off the sides with a wet paper towel. The blocks should now be much more
transparent.
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3) Orientation
• It is very important that you line up the blocks the same way for every cut. There
are some calibration issues with either the milling machine or the vice. If all of
the blocks are cut in the same orientation, then these calibration issues will not
cause any issues.
a. Use the black Sharpie.
b. Line up the blocks, side to side, as if you are about to stack them.
c. Keeping this orientation put an “X” at the middle of the top edge of the block
(the clockwise edge from the arrow).
d. Right next to the “X”, write which block it is (Top, Middle, Bottom).
e. When making your cuts, always have the “X” farthest away from you, facing
upwards.
f. Put a small arrow next to the left edge pointing to the right edge of the block.
This represents the direction of flow.
• If the blocks are rectangular, put the direction of flow on the shorter side.
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Section 2 - Construction of Membrane Cell
1) Screw Holes (not threaded)
• Use the milling machine.
• Use the 1/4" end mill that has a cut length of greater than 1”.
• You will make 6 holes: one at each corner and then one in-between each corner
on the LONG side.
• Each corner hole should be ~3/8” from each side. Measure (and/or mark) this
out before setting up at milling machine. The remaining two holes should be in
the middle of the block, ~3/8” away from the side.
o This distance allows for the nuts to be about 1/4" away from the sides,
while accounting for the 1/8” that is the distance from the edge of the
screw to the edge of the hole in the screw.
a. Line up Top block and Middle block, both facing upwards, making sure both are
secured in the vise.
b. Drill each hole. The hole should go all the way through the Top block and at least
halfway through the Middle block (so that you can complete this hole through all
three blocks in only two cuts).
c. Remove the Top block.
d. Now line up the Middle and Bottom block, both facing upwards, making sure
both are secured in the vise.
e. Be very careful to go back exactly into the holes in the Middle block you have
just cut. You do not want to mess up the size of the holes.
f. Complete the cut through the bottom of the bottom block.
g. Depending on the length of the end mill, you may not be able to get all the way
through the Bottom block. Therefore, you may have to finish the hole by
removing the Middle block.
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2) Square Nut Cuts
• Use the milling machine.
• You will use both the 3/8” end mill and the 1/8” end mill.
• It is EXTREMELY important that these holes line up with the holes from Step 1).
• You will want to glue the nuts to the acrylic after you cut them. If you do, just
make sure the nuts are aligned properly. You may even want to use school glue
for a less permanent solution.
• You will ONLY need to measure the height of the nuts. You will be “eyeballing”
these cuts, for the following reasons:
o These cuts need not be perfect, since they should not have any exposure
to the water solution.
o The nuts have fine corners, so the 1/8” end mill will not cut these
perfectly.
 Even if you do the full measuring of cuts, you will have to keep
going back over your cuts.
o You will probably glue them in, so these holes aren’t required to be very
tight.
a. Trace the nuts to the acrylic:
• Line up all the blocks correctly.
• Run the screws through all the blocks, and then screw the screws into the
nuts, where the nuts are on the very bottom.
• Make sure the nuts are tightened square to the edges of the acrylic.
• Lightly trace all four nuts onto the acrylic with Sharpie.
• A fine-point sharpie pen is beneficial here.
b. Measure the height of the nuts (should be ~0.180”). This is the only
measurement needed. However, you will want to cut more than this. I went
down 0.250”.
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c. At the milling machine, secure only the Bottom block, facing downwards.
d. Use the 3/8” end mill. Line up the end mill centered over the hole the best you
can. Cut down to depth (this cut should allow you to finish the cut much easier).
e. Use the 1/8” end mill to finish the cut, using your tracings as guidance.
f. Test each hole with a nut.
g. Make adjustments if hole is not big enough.
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3) Membrane Hole Part 1
• Use the milling machine.
• Use the 1/4" end mill with cut size greater than 1”.
h. Use a caliper to accurately measure the membrane support piece. Take
approximately four different caliper measurements for height, to confirm the
accurately of what size your cut needs to be. This is because there may be some
errors in the manufacturing of the piece.
i. Secure ONLY the Top block, facing upwards.
j. Cut down into the acrylic so that the membrane support piece can sit in the hole
(doesn’t have to be cut to depth).
k. Make adjustments if necessary. If you cut it too big, then make it a little smaller.
It is OK if this hole in the Top block is slightly larger than the actual sintered steel
piece, but you don’t want the entire hole cut this to large.
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4) Membrane Hole Part 2
• Use the 1/4" end mill that has a cut length of greater than 1”.
• This cut should be the same dimensions all the way through the acrylic blocks.
l. Put screws through the Top and the Middle blocks. Secure them together by
screwing in the screws to the nuts, but with the nuts on the Top block. This will
also keep the blocks lined up properly.
m. Make sure the Top block and Middle block are secured at the milling machine
using the vice.
• It is easiest to “eyeball” from hereon.
n. DO NOT TRY AND MAKE A SINGLE PERFECT CUT HERE. All you want to do is cut
out the center of acrylic, close to each of the sides, but not flush against the
sides. This should leave you with about 1 cm on each side left to be cut.
• You should have a square piece of the Top block that can be physical
removed, as it is no longer connected to the block.
o. Now you will finish the cut.
i. Again, you are “eyeballing” here. Be VERY meticulous.
ii. Line up the end mill on a middle of one of the short sides.
iii. Cut the rest of the acrylic off the sides, while make the cut as flush as
possible to the cut made in Step 3).
iv. This may take a couple of runs to get it to a nice, even cut all the way
through the block.
p. Remove the Top block.
5) Membrane Hole Part 3
• Use the 1/4" end mill that has a cut length of greater than 1”.
• This cut should be the same dimensions all the way through the acrylic blocks.
a. If the end mill cut all the way through the Middle block, then skip this step.
b. If the end mill was not able to cut all the way through the Middle block, then
finish the cut, following the same steps from Step 4d).
c. Remove the middle block.
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6) Membrane Hole Part 4
• Use the 1/4" end mill that has a cut length of greater than 1”.
• At this point, only the Bottom block should require cutting.
• IT IS INCREDIBLY IMPORTANT TO CUT TO THE CORRECT DEPTH IN THE BOTTOM
BLOCK.
• IT IS INCREDIBLY IMPORTANT THAT THE BOTTOM BLOCK IS CUT TO THE LENGTH
AND WIDTH OF THE MEMBRANE SUPPORT PIECE.
a. Put screws through the Middle and the Bottom blocks. Secure them together by
screwing in the screws to the nuts, but with the nuts on the top block. This will
keep them lined up and secured properly.
b. Put the membrane support piece into the hole, so that the bottom is resting on
the Bottom block. You will probably notice that your cut is no longer perfect. This
is expected since you may have shaved a few thousands of an inch off the sides
between the last two steps.
c. Secure the Middle block and the Bottom block at the milling machine.
d. Based on how far off your cut was in Step b., don’t try and make your cut flush
against the sides; leave a little bit of room for adjustment.
e. Start your cut close to front right corner. Make sure to do to depth.
f. Make your cut around the sides, and then cut out the middle.
g. Without removing the acrylic blocks from the milling machine, test the
membrane support piece into the hole. Do this by turning the membrane
support piece sideways and trying to make it fit into the hole you cut into the
Bottom block.
h. If the cut doesn’t fit, you will need to make an adjustment cut. Do not remove
the Middle block.
i. Continue the last two steps until the membrane support fits perfectly.
i. You want it as tight a fit as possible, but not tight enough that the
membrane support piece cannot be easily removed.
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7) Quartz Window
• Use the milling machine.
• Will need both the 1/8” end mill and a larger end mill (1/2” or 3/8”)
a. See 18a)
b. Use a caliper to accurately measure the window.
c. Secure the Middle block, facing upwards.
d. This cut should line up with the hole you made in step 3).
i. The depth should be cut for both the glass AND the silicone gasket.
MAKE SURE THIS CUT IS NOT TOO DEEP.
ii. Cut this hole a couple of thousandths less than measured to allow for
slight compression of the silicone gasket.
e. Only use the 1/8” end mill to get the outside cut. Make this as accurate as
possible.
f. Use the larger end mill for the rest of the cut. This is to save time, since the area
is fairly large. Be careful to not mess up the previous cut. Be careful when
reaching the edge of the hole, as this may cause chipping.
g. Check the size of the cut by testing with the quartz glass. Your cut should be as
tight as possible. Correct the cut (with the 1/8” end mill) if needed.
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8) Permeate Port
• You will use the drill press.
• Use the 9/16” drill bit (it was specially ordered for this project).
• When cutting, go VERY SLOW.
• You will use a vise to secure the blocks, but also use C-clamps to keep the vise
secure.
a. Secure the Bottom block, facing downwards.
b. Make sure what you are drilling is lined up right in the middle of the cut you
made to house the membrane support piece. This is much harder than it sounds.
c. Make the cut, going about 1” deep.
i. DO NOT MAKE THE CUT ALL THE WAY THROUGH THE PIECE. THIS WILL
CHIP THE BLOCK AND YOU WILL HAVE TO START OVER. THIS WILL ALSO
ALLOW MORE WATER THROUGH THAN YOU WANT.
ii. The 1” cut should be enough room for the quick disconnect.
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9) Influent and Concentrate Ports
• You will use the drill press.
• Use the 9/16” drill bit.
• When cutting go VERY SLOW.
• You will use a vise to secure the blocks, but also use C-clamps to keep the vise
secure.
a. These will be drilled into the Top block.
b. Secure the Top block, with the influent (or permeate) side facing UP.
c. Do your best to make sure it is lined up in the middle of the block, and in the
middle of the side.
d. Drill the hole about 0.5” deep.
• Again, you do not want to cut all the way through, into the hole you
made in step 4).
• This should be enough room for the quick disconnect.
e. Repeat this process for the other (permeate or influent) port.
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10) Threading the Holes
• You will need to use a tapping device (manual) to thread the three ports made in
step 6) and step 7).
• GO SLOW!! When you start feeling resistance, unscrew the tap out of the hole
(DO NOT PULL) and clear debris. If you push the tap too hard, you will crack the
block.
• Once you start threading, DO NOT TRY TO MAKE THE HOLES DEEPER WITH THE
DRILL PRESS. This may tear up the thread. As long as the quick disconnect pieces
screw in ~1/2 of the way, that is good enough.
a. Use the 3/4” tap.
• This will require one of the largest tapping devices they have in the
workshop. Ask Rodney if you cannot find it.
b. Be very careful when you first start tapping; it won’t grab until a couple of
rotations deep.
c. Wet the tap using standard tap water or DI water. This can help make a better
thread.
d. Continue threading the hole, constantly unscrewing the tap and clearing debris.
e. DO NOT FORCE THE TAP. Once you near the bottom, you do not want to apply
too much force or else the acrylic may crack.
f. Once you finish, take the tapping device back through it. This just makes the
thread a little bit cleaner and clears any more debris.
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11) Finishing the Permeate Port
• Use the milling machine.
• Use the 1/8” end mill with the milling machine.
a. Mark the center of the cut you made that will house the membrane support
piece. This should line up with the permeate port, but may not be perfectly
aligned.
b. Secure the Bottom block in the vise, facing upwards.
c. Make a cut all the way through the block.

12) Permeate Flow Channels
• Use the milling machine.
• Use the 1/8” end mill.
• This step does not require 100% accurate cuts.
• The cutting of the permeate channels is taken straight from the Sterlitech
membrane cell, and therefore is not perfectly described and/or up for
discussion.
a. To emulate the cut, follow the flow diagram is seen on the next page. The result
of the cut is seen in the image below, and the goal is to emulate the cut.
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•

The black lines in the drawings below represent the “membrane hole”, and the blue circle
represents the hole that was made in Step 11). The red arrow represents the direction of
cutting and the light blue shape represents the corresponding cut. The drawings are from
the perspective of someone operating the milling machine.
a. Using a pencil, draw an inscribed box that that is approximately 0.25” away from the walls
of the “membrane hole”. This box is represented by the blue dashed lines below, and will
be referred to as the “boundary line”.
b. Secure the bottom block in the vice, facing upwards. Position the end mill directly over the
permeate hole. Lower the end mill 0.100” into the permeate hole.
c. Begin cutting until you reach the boundary line closet to you. Then, cut the other direction
until you hit the boundary line farthest from you.

d. From this position, cut toward the right boundary line. Then cut the other direction until
you reach the left boundary line.

e. Finish the remaining four channels in the same way as Step d. The order you should cut the
channels is numbered below. When moving to a new cut, do just follow the channels you
have already cut, taking extreme care not to make accident cuts in those channels.
1
5
3
4
2
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13) Finishing the Influent and Concentrate Ports
• Use the milling machine.
• Use the 1/4" end mill that has a cut length of greater than 1”.
a. Screw the Middle and Top blocks together.
b. Secure the blocks with the vise, facing downwards.
c. Since the blocks are upside down, you will want to make sure to not cut into the
window space. Therefore, make a mark with a sharpie toward the end of the
threads, making sure to leave about 1/8” space between the window space and
this cut. This can be seen in the image below.
d. Position the end mill so that the edge is touching the mark you made.
e. Mill down into the port hole until the end mill is halfway down the port hole,
which can be seen in the image below.
f. Now, cut to each side of the threaded hole, creating a cut that is the diameter of
the port hole. This will create a shape like:
g. Do not remove the blocks, and go to Step 14).
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14) Influent and Concentrate Flow Channels
• Use the milling machine.
• Use the 1/8” end mill.
• This cut is used to connect the hole made in Step 13) to the membrane chamber.
a. The Middle and Top blocks should still be secured using the vise, facing
downwards.
b. Start at the edge of the membrane hole and cut down about 1/8”. Then cut
backwards to the holes you made in Step 13). Do not cut past these holes.
• This leaves about a 1/8” space for water to flow and 1/16” for the
quartz window shelf.
c. Repeat on the other port (influent or concentrate).
d. Remove the blocks from the vise.
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15) Cut for O-ring
• Use the milling machine.
• The end mill should be the same size as the O-ring, which is 1/8” here.
• The cut made to house the O-ring is made 0.100” deep. This will leave about
0.025” of the O-ring protruding out of the cut. This protrusion is to allow the
Bottom block to compress the O-ring during operation of the membrane cell,
thus sealing the chamber. Because of this, after putting the O-ring into the cut,
the Middle and Bottom blocks will not compress correctly until the blocks are
screwed together.
a. Secure the Middle block with the vise, facing downwards.
b. Make markings with a sharpie 1/8” away from the cuts from Step 6) and Step
14), all the way around, circumscribing these cuts.
c. Mark the four corners of these markings by making dots with the sharpie.
d. Because you will be making one continuous cut clockwise around the cuts from
Step 6) and Step 14), it is very important to finish the cut at the exact same place
you started. Therefore, measure the distance between these dots with a ruler,
allowing you to convert these measurements to milling machine measurements.
e. Starting at one of the corners, cut down 0.100”.
f. Make your cuts with precision, cutting clockwise around the hole. Take care to
finish the cut at the exact same location as you started. HOWEVER, if you make a
mistake, DO NOT widen the cuts, as this will cause the O-ring to not be securing
in place. Instead, finish through the starting cut, which can be filled with silicone
or other solidifying material.
g. Do not remove the block from the milling machine, and continue to Step 16).
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16) Pegs/Dowels Part 1
• Use the milling machine.
• Use the 1/4" end mill that has a cut length of greater than 1”.
a. The pegs are 0.5” long. Drill about 0.25” deep into the Middle block, and 0.25”
deep into the Bottom block.
b. You want to draw lines on the Middle block, facing downwards.
i. Use the Sharpie to draw a line on the long side of the acrylic about 1/4"
away from the membrane support hole, running all the way along the
block. Do this on both sides.
ii. Then, draw another line 1/4" away from the ends of the membrane
support hole.
iii. You should now have a perfect rectangle. The peg holes will be at the
corners of the rectangle.
iv. Take measurements of your square. It should about 5.25” x 2.75”.
c. Secure the Middle block in the vise, facing downwards.
d. Make your cuts following your measurements, not eyeballing it.
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17) Pegs/Dowels Part 2
• Use the milling machine.
• Use the 1/4" end mill that has a cut length of greater than 1”.
a. The pegs are 0.5” long. Drill about 0.25” deep into the Middle block, and 0.25”
deep into the Bottom block.
b. The want the pegs in the Bottom block to line up as perfectly as you can to the
middle block.
c. Again, you will make markings on this block. You only need to mark one corner
though
i. You need to measure how far away your first corner was from the
membrane support. Because of the flow channel in the Middle block, it is
not the exact same measurement as the previous step.
ii. Keep the same style of markings as before, having the two lines meet up
to form a corner where your cut will be.
b. Make the cut for ONLY this corner. Then, you want to make sure this lines up
with the Middle block. Make adjustments if needed. It’s easiest if you do not
remove the block and do not move up the drill bit besides vertically.
c. Starting back at this first hole you made, follow your measurements to finish the
remaining three holes.
d. Because of the calibration issues, they rectangles may not line up perfectly.
Make minor adjustments (aka expand the holes) so that the pegs will line up in
both blocks.
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18) Addition of O-ring
• Remember to purchase the square O-ring, and not the round O-ring. They should
also have been purchased as “cut-to-length” so you can create a custom size.
• Remember that cut made to house the O-ring is 0.100” deep, leaving about
0.025” of the O-ring protruding out. This protrusion is to allow the Bottom block
to compress the O-ring during operation of the membrane cell, thus sealing the
chamber. Because of this, after putting the O-ring into the cut, the Middle and
Bottom blocks will not compress correctly until the blocks are screwed together.
•
a. Take the beginning of the O-ring strand and push it down into the cut made for
the O-ring in Step 15), starting halfway along the one of the longer side.
b. Push the O-ring into the cut, going all the way around.
c. As you make it back to the starting point, try and push as much of the O-ring into
the cut as possible before you “overlap” it.
d. Take scissors and cut the excess O-ring strand off, but leave a tiny amount of
excess.
e. Begin the (possibly iterative) process of cutting down the tiny amount of excess
until the O-ring is perfectly fitted; any spacing between where the ends meet
could end up causing leaking. As seen in the image below, you should not be able
to find the position where the O-ring is not physically connected.
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19) Silicon Gasket #1: Below Quartz Window
• Use a utility knife or a precision knife.
• Use the MEDIUM SOFT silicone stock sheet.
• I would recommend cutting the piece that goes below the glass before doing
step 7). This way you can check the depth of the cut you made exactly. If not,
then you could go back and fix the cut if needed. The glass should stick out of the
middle block by a couple thousands of an inch to leave room for the gasket to
compress.
a. Place the glass on the SOFT silicone stock sheet.
b. Use the knife to cut around the edge of the glass. Be careful that the glass does
not move when you are cutting. Do not remove the paper from the sticky side.
i. It should be 4” x 4”
c. Take the gasket you just cut and cut place the Top Block on top of it. Take a
pencil and trace the outline of the hole onto the paper. Remember that
orientation is very important.
d. Take the membrane support piece and place it in the outline. Use the knife to
cut around the piece.
e. Make sure that the piece lines up perfectly in the UV chamber of the membrane
cell. Make any farther minor cuts if needed.
f. Peel off the paper.
g. Rub the adhesive so that it comes off of the silicone gasket. This may seem
counterintuitive, but using the adhesive on the bottom will stick to the glass if
you try and remove the gasket, which in turn leaves the glass very dirty.
However, after peeling off the adhesive, the gasket still remains slightly sticky.
h. Use the sharpie to make a mark on the sticky side of the gasket. This will make
sure you the orientation is correct whenever you put the glass & gasket in the
membrane cell.
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20) Silicon Gasket #2: Above Quartz Window
• Use a utility knife or a precision knife.
• Use the HARD silicone stock sheet.
• Two gaskets are placed between the Middle and Top Blocks.
o In this step, the gasket will be attached to the top of the Middle Block,
acting to seal in the quartz window. This gasket was added to resolve
leaking issues.
a. Place the Top or Middle Block on the HARD silicone stock sheet. Cut out the
silicone to the size of the acrylic block.
i. It should be 6”x6”
b. Place the gasket on top of the Middle Block with the non-adhesive side facing up.
Cut out holes to correspond to the holes in the membrane cell: for all six screws,
for the UV chamber, for the flow holes. The holes for the flow should be as
precise as possible, but the other cuts do not need to be. The cut for the UV
chamber should be slightly larger than the actual hole.
c. Peel off the paper from the adhesive side of the gasket.
d. Rub off the adhesive from half of gasket. This will allow the gasket to remain
attached to the block, but allow you to pull it off so you can remove the quartz
glass when needed.
e. Attach the gasket to the top of the Middle Block, making sure the holes line up
with the cuts you made. If they are not perfect, you can either remove the
gasket and reattach it with better alignment, or cut out more of the gasket.
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21) Silicon Gasket #3: Below Top Block
• Use a utility knife or a precision knife.
• Use the HARD silicone stock sheet.
• Two gaskets are placed between the Middle and Top Blocks.
o In this step, the gasket will be attached to the bottom of the Top Block.
a. Place the Top Block on the HARD silicone stock sheet. Cut out the silicone to the
size of the acrylic block.
i. It should be 6”x6”
b. Place the gasket on bottom of the Top Block with the non-adhesive side facing
up. Cut out holes to correspond to the holes in the membrane cell: for all six
screws, for the UV chamber, for the flow holes. The holes for the flow should be
as precise as possible, but the other cuts do not need to be. The cut for the UV
chamber should be slightly larger than the actual hole.
c. Peel off the paper from the adhesive side of the gasket.
d. Attach the gasket to the bottom of the Top Block, making sure the holes line up
with the cuts you made. If they are not perfect, you can either remove the
gasket and reattach it with better alignment, or cut out more of the gasket.
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22) Screwing in the Quick Connect/Disconnect Sockets
a. Wrap the threads of the sockets with Teflon tape. Teflon tape fits in the cracks of
the threads when screwed in, preventing leaks.
i. Begin wrapping the threads by holding the end of the tape with your left
hand and wrapping the roll of Teflon tape away from you.
ii. Wrap around the socket 5 or 6 times.
b. Making sure you aligned vertically, screw in the sockets into the acrylic.
i. First, tighten them by hand.
ii. Then finish tightening them with a wrench. Do not tighten them so hard
as to strip the socket grip, nor crap the acrylic.
iii. The sockets do not need to be tightened all the way down, but even only
being screwed in halfway will prevent leaking.
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23) Polishing Acrylic Surfaces
a. Decrease roughness of edges:
i. Wet a paper towel and scrub the rough acrylic surface.
ii. Take fine sand paper and scrap the surface.
iii. Wipe the surface again with the wet paper towel to clean off the debris.
iv. Continue this process until finished. The result can be seen in the image
below.
b. Cleaning off markings:
i. Remove sharpie markings by scrubbing at them with wet paper towel. It
typically takes a 30 seconds or so of scrubbing to remove sharpie
markings. Both soap and warm water will improve the efficiency of this
process.
c. Fixing scratches and scraps
i. Novus® Plastic Polish No.2 (Fine Scratch Remover) can be used to fix any
minor scratches and scraps of the acrylic. Follow the directions on the
bottle for use.
ii. For major scratches, a different product would need to be purchased.
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I.

INTRODUCTION

This manual is written for the use in Dr. Ezra Cates’ lab for the study of biofilm prevention using
UVC. This manual was prepared by Matt Vawter. Some of the material seen in this manual is inspired by
other manuals and material, as well as many other methods created by Matt Vawter with help from
Hamed Torkzaden, Dr. Ezra Cates, Dr. David Ladner, and Dr. Sudeep Popat.

II.

GENERAL LAB PROCEDURES AND TECHNIQUES

(A)

Aseptic Techniques

Aseptic techniques are always important when dealing with living or once-living substances. This
not only protects you from the organisms, but it protects the organisms from contamination. Proper
aseptic technique will protect both you and the outcome of your data. Always wear pants and close-toed
shoes in the lab. Always wear lab coat and lab googles/glasses. Always wear gloves (nitrile or latex for
this experiment).Work in a biosafety hood or a fume hood when necessary. Wear a medial-style mask if
working with volatile substances out of a fume hood.

(B)

Autoclaving

Autoclaving is the use of high heat and high pressure to sterilize solid and liquid materials. The
process outlined below is adapted from the instructions listed at the autoclave. All cycles are 250°F
(121°C).
•
•

1)
2)
3)

4)
5)
6)

7)
8)
9)

The autoclave is downstairs in Rich Lab, Room #B104. There is also a small autoclave in the
basement of CETL.
Make sure the material you are autoclaving is actually autoclavable. Generally any glass
Erlenmeyer flask, polypropylene plastic (#5; about the only plastic autoclavable), falcon tubes &
rack, foam caps are all autoclavable. The membrane cell IS NOT autoclavable.
Place items to be sterilized in chamber.
Fully close the door, by turning the wheel clockwise (you will see the latches locking the door).
The door will read “door unlocked” until the door is completely closed.
There are 3 programs stored in the autoclave. Use only one of these programs.
o 1=Liquid cycle (large amounts, i.e. liters, of liquid media - 60 minutes)
o 2=Gravity cycle (dry materials - 20 minutes)
o 3=Liquid cycle (small amounts of liquid media - 20 minutes)
Press the number of the program you want to run to view the program. If you picked the wrong
cycle, wait a few seconds and the display will reset so you can select a different cycle.
Press the number of the program again to start the cycle.
When the cycle is complete (it’s listed as 20 minutes, but its takes about 40), slowly turn the
wheel counterclockwise until you see the “venting” signal on the control panel and the clock
starting down from 10:00 minutes. At this point, stop opening the door.
Wait 10 minutes.
Open the door and carefully remove items using a hot mitt.
Close the door and partially latch it.
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(C)

DDIW

Distilled deionized water (DDIW) is used as the main source of water for all the tasks in this
manual. The other water used is tap water (TW) and distilled water (DSW). The TW and DSW are
located in each lab, but the DDIW is found at the source. The procedure for operating the DDIW filter is
taken from the instructions at the filter, but is elaborated in more detail below.
•
•
1)
1)
2)
3)
4)
5)

The DDIW filter is in Room #109 in Rich Lab. There is also a DDIW source in the CETL
basement.
There are two large containers in the lab that constantly filled with DDIW. However, these should
only be used in non-sterile applications.
Take the container you need filled with DDIW to Room #109 in Rich Lab.
Move switch on the control panel from STANDBY to OPERATE position.
Let run until the green digital bar reaches 18 MΩ·cm.
Turn dial to PRODUCE. Let the water run out of the tube into the sink for about 5 seconds. Fill
your containers. If you need to stop the flow at an instant, turn the dial to RECIRCULATE.
Turn dial back to RECIRCULATE and move switch back to STANDBY.
o There should be no flow coming out of the filter after doing this.
Take your containers back to the lab.
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III.

NUTRIENT AGAR PLATES AND NUTRIENT BROTH

(A)

Preparing Agar Plates

The methods described for making agar plates are derived from the instructions listed in “E. coli
Disinfection for Dummies” prepared by G. Curtis Reynolds and Elisabeth G. West.1 The agar used is
recommended by ATCC seen by the ATCC Medium sheet for E. coli ATCC 25922.2 Agar plates are
prepared using BBL™ Trypticase™ Soy Agar (TSA).
•
•
•

The directions here are for the powder form of the TSA.
The agar broth is prepared using a ratio of 40 g of Trypicase powder in 1000 mL of DIW.
Materials:
o TSA powder
o 500 mL or 1000 mL Erlenmeyer flask
o DDIW (non-sterile or sterile)
o Graduated cylinder
o Weighing spoon
o Weighing dish
o Sonicator
o Petri dishes (25-30, sterile)
o Lighter
o Toothpick
1) Determine how much agar you need. A 500 mL agar batch makes approximately 25-30 plates.
These plates can last up to four weeks in a 4°C refrigerator, as long as they do not get
contaminated.
o I recommend making 500 mL batches in a wide-mouth flask 500 mL Erlenmeyer flask,
which is 20 g of TSA powder and 500 mL of water . Once of these batches makes about
25-30 plates. You can even make more than one 500 mL batch at a time. The wide-mouth
helps protect your hand during pouring, and there are plenty of these flasks in the lab.
2) Put a clean weighing dish on the balance.
3) Zero the balance.
4) Begin scooping agar powder into the weighing dish, being careful not to spill powder in the scale,
until the mass you need is reached.
5) Measure out the volume of DDIW in a graduated cylinder.
6) Add the nutrient broth to an appropriate Erlenmeyer flask.
7) Add the DDIW to the same Erlenmeyer flask.
a) Use some of this water to rinse out the weighing dish into the Erlenmeyer flask, as some
powder residue will remain in the weighing dish.
8) Put aluminum foil over the mouth of the flask with the dull side facing upwards.
9) Swirl the flask to dissolve the particles (do not use a stirring rod or a stir bar to dissolve the
particles). Typically, swirling is not very efficient, so place the flask in the sonication bath.
Sonicate the solution until all the particles are dissolved.
10) Autoclave the Erlenmeyer flask at 121°C for 20 minutes.
11) Remove the flask from the autoclave, and transfer it to the fume hood.
12) Place a toothpick into the biosafety hood.
13) Sterilize the biosafety hood.
14) Allow the agar solution to cool down during the 10 minutes sterilization process of the biosafety
hood, but do not let it site longer than this because the agar solution will congeal in the flask if it
gets below 50°C. During this process, obtain 25-30 sterile petri dishes. They typically come in
packs of 20, so grab two packs.
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15) Making the agar plates:
a) In the biosafety hood, remove the dishes from the package.
b) Place the agar in the biosafety hood. Remove the aluminum foil. Flame the rim of the
flask using a lighter.
c) Remove the lid of a single petri dish pour the agar solution into petri dishes until each
petri dish is halfway filled with liquid agar. Be careful because the media will be quite
warm; using a wide-mouth flask will help decrease the chance of the flowing liquid from
coming in indirect contact with your hand.
d) Make sure to flame the rim of the flask with a lighter before pouring.
e) Swirl the agar before pouring, but do it lightly so you do not form any bubbles.
f) When pouring, avoid forming bubbles in the media. If bubbles occur, try to work them
out or try and move them to the edge of the plate.
16) Replace the lid of the petri dish, so that roughly half of the dish is covered by the lid. Leave them
like for 30-40 minutes. They only require a couple minutes to cool, but all the condensation
should be evaporated before storage.
17) Once the agar has been solidified, stack the plates in a container (we used a cheap pasta dish with
plastic lid) and store a 4°C refrigerator. Mark the container with the date the petri dishes were
made. If more than one container was used, label them (i.e. “A”, “B”, etc.). This way, when you
need petri dishes, you only remove petri dishes from one container until that container is empty.

(B)

Nutrient Broth

The methods described for making broth solution are derived from the instructions listed in “E. coli
Disinfection for Dummies” prepared by G. Curtis Reynolds and Elisabeth G. West.1 The broth is
recommended by ATCC seen by the ATCC Medium sheet for E. coli ATCC 25922.2 Broth was prepared
using Bacto™ Tryptic Soy Broth (TSB).
•
•
•
•
•

1)

2)
3)
4)

Unfiltered broth is used for initial and experimental propagation. Filtered broth is used as the
nutrient source in the membrane cell experiments. The procedure for filtered broth is found in
Section V.
The directions here are for the powder form of the nutrient broth of TSB.
The nutrient broth is prepared using a ratio of 30 g of Tryptic Soy Broth powder to 1000 mL of
DIW.
Broth should always be warmed or cooled to room temperature before use.
Materials:
o TSB powder
o 500 mL Erlenmeyer flask
o Weighing dish
o Weighing spoon
Weigh out 15 g of TSB powder.
a) Put a clean weighing dish on the lab scale.
b) Zero the balance.
c) Begin scooping TSB powder into the weighing dish until 15 g is reached, being careful
not to spill powder in the scale.
Measure 500 mL corresponding volume of DIW in a graduated cylinder.
Add the nutrient broth to an appropriate Erlenmeyer flask.
Add the DIW to the same Erlenmeyer flask.
a) Use some of this water to rinse out the weighing dish into the Erlenmeyer flask, as some
powder residue will remain in the weighing dish.
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2) Swirl the flask to dissolve the particles (do not use a stirring rod or a stir bar to dissolve the
particles).
5) Put the flask in the sonicator until the particles are fully dissolved.
6) Autoclave the Erlenmeyer flask at 121°C for 15 minutes.
7) Remove the flask from the autoclave, and let it cool to room temperature.
8) Once cooled, you may use the broth. Extra broth should be stored in a 4°C refrigerator. The broth
can either be stored in that Erlenmeyer flask, or transferred to another container for storage.
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IV.

INITIAL PROPAGATION

E. coli ATCC 25922 was purchased from ATCC as a freeze-dried pellet. Therefore, the pellet
needs to be initially cultured. After the initial propagation, the E. coli samples are to be stored in a -80°C
freezer. These frozen samples remain viable for many months. Freezing the E. coli not only is a very easy
way to keep the original sample for many months, but it also adds experimental control to the study since
the frozen cells are technically derived from the original culture (aka, all of them are 1st generation
bacteria); if a sample of E. coli is “kept alive” in a refrigerator, etc., then the cells weeks later could be
very different than the cells you started with.
The methods described for propagation are derived from the instructions listed in both the ATCC
“E. coli ATCC 25922 product sheet” and “E. coli Disinfection for Dummies”, prepared by G. Curtis
Reynolds and Elisabeth G. West.1,3

(A)

First-time Propagation
•

This procedure is only necessary when the sample is initially purchased from the vendor (i.e.
ATCC). Propagation allows for multiplication of the sample so that you have plenty of cells for
the duration of your experiment, or even longer.
• The entire propagation step should be done in the biosafety hood.
• The -80°C freezer is located in CETL. Accessing the freezer requires special permissions that are
not outlined in this manual.
• Materials:
o
1) Put 6 mL sample of Trypicase broth into sterile centrifuge tube.
2) Open the vial of freeze-dried E. coli and add 0.5 to 1.0 mL of broth to the pellet, using a sterile
needle. Carefully swirl the broth until the pellet is dissolved.
3) Use the needle to transfer the aliquot from the vial to the broth tube. The tube is to be then mixed
thoroughly.
4) 0.5 mL of the broth/E. coli solution is then transferred to an Erlenmeyer flask containing 100 mL
of broth solution. This step can be repeated as many times, if desired.
5) Put the flasks into a shaking incubator (37°C and 115 rpm) for 18 hours.
6) After the incubation period, transfer the liquid from the flasks to sterile centrifuge bottles.
7) Centrifuge these bottles (4°C and 5000 rpm) for 10 minutes.
o Centrifuging the bottles causes the E. coli mass to separate from the liquid broth and form
a clump of biomass at the bottom of the bottle.
o Therefore, after centrifuging, there will be broth waste (supernatant) and the condensed
biomass.
8) Drain the supernatant into a beaker for waste.
9) Add 0.02 M PBS solution to the centrifuge bottle containing the mass. Resuspend the mass into
the PBS by shaking until the mass is completely dissolved.
10) Pour this liquid into sterile falcon tubes, and fill the tubes up to 45 mL with PBS.
11) Repeat steps 7) through 10), but by centrifuging the falcon tubes instead of the centrifuge bottles.
12) After the procedure has been repeated, a solution of E. coli and PBS is mixed with glycerol
(added to preserve the cells when the solution is frozen at -80°C) for freezing. Use 15 mL
centrifuge bottles to contain the freezing solution. The freezing solution should contain 20-30%
pure glycerol by volume, and 70-80% of the suspension solution.
a) For convenience, add 9 mL of E. coli suspended solution to the 15 mL centrifuge
bottle, followed by adding 3 mL of glycerol.
b) Mix the solution thoroughly.
o Glycerol is added to preserve the cells when the solution is frozen.
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c) Make as many 15 mL centrifuge tube solutions as desired
13) Before moving the tubes to the freezer, make a streak plate using a sample. The streak plate
technique can be found in Section I. Incubate the streak plate for 24 hours. This streak plate
confirms your culture was viable prior to freezing.
a. Though the freezing procedure is low risk, you may want to keep a tube in the 4°C
refrigerator instead of putting it in the freezer, especially if you made many tube samples.
14) Transfer the tubes to the -80°C freezer. Make sure to label the tubes with the organism, the date,
and the media before storage. The tubes will now be viable for many months, which allows for
much more experimental control.

(B)

Taking a Test Sample from the Frozen Vials
•
•

Sample is taken to confirm the freezing procedure kept the cells viable.
Because the tubes are stored in CETL, take extra care to limit the possibility of exposure. Make
sure to change your gloves whenever you touch a door handle when leaving/entering a room.
• Materials
o
1) Obtain two agar dishes. Let them warm to room temperature and until condensation on the lids
are gone.
2) Place two toothpicks in the biosafety hood. Place an empty petri dish (can be reused), opened, in
the biosafety hood. Place the “transport container” opened in the biosafety hood.
3) Turn on the UV in the biosafety hood. After 5 minutes of the 10 minute cycle, flip over the
toothpicks. Finish the sterilization cycle of the biosafety hood.
4) Place the toothpicks in the empty petri dish. Place the two agar dishes into the transport container
and then place the petri dish containing the toothpicks on top. Close the lid of the transport
container. The three petri dishes will keep each other snug in the transport container.
5) Carry the container over to CETL center lab (discard your gloves).
o You will need to have access to both the lab and the -80°C freezer. Talk with someone in
Dr. Cates’ lab for access.
6) Put on a fresh pair of gloves and open the -80°C freezer .
7) Take a vial of frozen E. coli out of the -80°C freezer. Make sure to mark this vial with the date, if
it has not been opened before.
8) Open the transport container and remove the petri dish containing the toothpicks.
9) Pick up one toothpick. Open the vial of frozen E. coli. Use a toothpick to scrap a very small
sample of frozen E. coli out of the vial. Close the vial and put it on the petri dish. Open the agar
plate and put the sample of frozen E. coli onto the agar plate; it will melt as soon as it touches the
surface of the agar. Immediately close the agar plate. Discard the toothpick. Repeat this process
with the other toothpick and agar dish.
10) Put the vial of frozen E. coli back into the -80°C freezer. Put the empty petri dish back on top of
the other two agar dishes.
11) Discard your gloves and carry the transport container back to Rich Lab. Put the transport
container into the biosafety hood and put on a fresh pair of gloves.
12) Remove the agar dishes from the transport container in the biosafety hood.
13) Make a streak plate on both agar dishes.
14) After incubation for 24 hours, check the sample.
a. There may be too much bacteria to have single colonies, but this is fine, as this means the
freezing process worked well.
b. If nothing grew, then check the agar dish containing the sample prepared in Step ##. If
there is no growth here either, then the original sample was not viable. You may need to
contact ATCC (the freeze-dried sample should remain viable for many weeks). If there is
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growth on the this agar dish, then the freezing process did not work. Retrace your steps to
make sure you followed the directions, especially regarding the glycerol. Use the agar
dish containing the original sample to propagate another round of frozen sample, and
repeat this process.
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V.

FILTERING THE NUTRIENT BROTH

The TSB is used as the nutrient source for the E. coli in the biofilm experiment. However, some
particles in the TSB will settle on the membrane surface, causing fouling. This decreases the performance
of the membrane, but also adds to the total solids (TS) calculation of the biomass. In order to provide
better experimental control, the TSB is filtered using the membrane cell itself. In the experiments, the
filtered broth is used in the nutrient feed solution, but filtered broth is used for propagation of the frozen
sample. Filtered broth can be used as the inoculation TSB, because the E. coli will be washed of nutrients
before being used in the E. coli feed solution. 50 mL of unfiltered TSB is used in the propagation of
frozen sample, while 25 mL of filtered TSB is used as nutrient source in the membrane cell experiments.
The TSB is made the same way as previously described besides the filtering. However, using the
membrane cell requires a lot of disinfection and preparation. The steps below start by preparing the
membrane cell for use, making the TSB, filtering the TSB, and then finish preparing the TSB. A falcon
tube

(A)

Disinfect the Tubing

The nutrient feed tubing, the permeate tubing, and the concentrate tubing all need to be cleaned
and disinfected. Though the tubing itself does not need as thorough a procedure as described, the piping
in the concentrate tubing does. The materials to clean the tubing come from Herzberg and Elimelech.2
Ethanol is listed by the manufacturer of the Puri-FlexTM tubing as a possible disinfection technique.3
•
•

•

Wear a medical-style mask, as the SDS is toxic via inhalation and the denatured ethanol is highly
volatile and toxic via inhalation.
“Recirculation” refers to when all the tubing starts and ends in the same flask/beaker. “Flushing”
refers to when a liquid is pumped from one flask/beaker and is collected in a separate beaker;
flushing means that the liquid is pumped through until it expires in the flask, and continued until
the tubing is void of liquid.
Materials:
o Peristaltic pump (x2)
o Puri-FlexTM Tubing (nutrient feed, E. coli feed, influent, permeate, concentrate)
o Stainless steel straight connector piece
o 100 mL Graduated cylinder
o 150 mL beaker (x2)
o 500 mL Erlenmeyer flask (x2)
o 1000 mL beaker
o Tap water (TW)
o Fresh DDIW
o Denatured ethanol
o Ethylenediaminetetraacetic acid (EDTA) salt powder
o Dodecyl sulfate, sodium salt (SDS) powder
1) Making the EDTA (5 mM) and SDS (2 mM) solution
a) Put a weigh boat on the scale, and zero the scale.
b) Put 0.186 g of EDTA powder into the weigh boat.
c) Put 0.058 g of SDS powder into the weigh boat, for a total mass of 0.244 g.
d) Add the contents of the weigh boat to the 150 mL beaker.
e) Measure out 100 mL of DDIW in a graduated cylinder. Use some of this to rinse out
the weigh boat into the beaker. Then, pour the rest of the DDIW into the beaker. Pour
this into the beaker to 100 mL with DDIW. Dispose of the weigh boat.
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f) The powders will fully dissolve if left sitting for a few minutes, so cover the beaker
with aluminum foil.
2) Making the 70% ethanol solution
a) In a graduated cylinder, measure out 30 mL of DDIW.
b) Pour 70 mL of denatured ethanol into the same graduated cylinder, having a total of
100 mL.
c) Cover the beaker with aluminum foil to prevent vaporization.
d) Wipe the jug of denatured ethanol with a paper tower and put it in the fume hood for an
hour before putting it back in the cabinet.
3) Cleaning the tubing:
a) Connect the nutrient feed tubing to the high flow rate peristaltic pump. Connect the
permeate tubing to the low flow rate peristaltic pump. Connect each tubing to the pipe
tee. Connect the concentrate tubing to the pipe tee.
o Make sure the needle valve is opened.
o Both ends of the feed tubing will always go into the same flask.
o Each pump will be run at 150 mL/min for all steps.
o When flushing liquid, bubbles will get stuck in the concentrate piping. Remove
them by tilting the concentrate tubing until they flow out.
o When flushing air, liquid will get stuck in the concentrate piping. Remove the
liquid by tilting the concentrate tubing until the liquid flows out.
b) Fill two 500 mL flasks with 500 mL of TW. Flush the tubing with 500 mL of TW using
each beaker. Repeat this step if you still see solids coming out of the tubing.
c) Place the beaker of EDTA/SDS inside the 1000 mL beaker to support the small beaker.
Recirculate the 100 mL EDTA/SDS solution through the tubing for 4 minutes. Increase
the concentrate pressure to about 8 PSI to clean the “needle”, and then reopen the
valve. Flush the solution out of the tubing with air.
d) Flush the tubing with 500 mL of TW. While it is flushing, pour the EDTA/SDS
solution into the waste container labeled “0.1% EDTA/SDS”.
e) Recirculate the 100 mL ethanol solution through the tube for 5 minutes. While the
ethanol is recirculating, go fill three 500 mL flasks with DDIW. Once the 5 minute
period ends, flush the ethanol out of the tubing using air. Pour the waste ethanol into
the large container labeled “ethanol waste”.
f) Flush the tubing with 500 mL DDIW. Repeat this step three times.
g) The tubing should be void of all liquid. Disconnect the straight connector from both the
influent and concentrate tubing. Put the straight connector into its bag.

(B)

Disinfect the Membrane Cell

Acrylic cannot withstand the high temperatures, thus cannot be autoclaved.4 Acrylic is also not
resistant to ethanol.5,6 Sodium hypochlorite is one of the best methods for disinfecting the acrylic.7
Acrylic is resistant to sodium hypochlorite.5,6
•
•

Only the interior of the membrane cell needs to be disinfected (the top of the bottom acrylic
block, the bottom of the middle acrylic block, the port holes in the top acrylic block, and the glass
window).
Materials:
o Membrane cell (all pieces beside membrane coupon)
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1)
2)
3)
4)
5)

6)

7)

(C)

o Clorox bleach spray
o DSW
o Microfiber towels (x2)
o Membrane cell wash tray
The membrane cell should be completely disassembled, excluding the silicone gaskets, the O-ring
and the port sockets.
Place the machine screws and square nuts in a small beaker of DSW.
Wash the membrane support piece and the metal pegs with DSW only; chlorine will degrade the
piece, and in theory, it should never contact microbial substances.
Fill the tray labeled “Membrane Cell Wash” with DSW in the sink.
Take one of the parts of the membrane cell to the sink and disinfect it using the bleach spray and
the microfiber cloth. Make sure to spray into the quick-disconnects and the flow channel. Rinse it
off with DSW. Submerge it in the “Membrane Cell Wash” tray. Repeat this for all parts of the
membrane cell (bottom, middle, top, glass).
o Submerging the parts in the DSW will remove solids on/in the acrylic and any residual
chlorine off of the blocks.
Remove the components from the tray one by one. Rinse each one with DSW, dry it with a
microfiber towel, and lay it back on the metal rack. Repeat this process for all components. After
all are removed, drain the “Membrane Cell Wash” tray and place it on the drying rack.
UV ONLY: Wipe it down with a Chem-wipe. Take it the spectrophotometer. Measure and record
the percent transmittance of the quartz glass. It should be between 89% and 91%.

Make the Membrane Coupon

The membrane coupon is prepared for each use of the membrane cell. Using a new membrane ensures
that the membrane is sterile.
•
•
•

1)
2)
3)

4)
5)

0.1 PVDF membranes are used initially, but this same procedure would be used for any
membrane material or pore size.
The membrane cover paper should be kept on the membrane material until the hole punching
procedure. This keeps the membrane filter clean and sterile.
Materials
o Membrane filter roll
o Cutting board
o Precision knife
o Ruler
o Sharpie
o Calibrated hole-puncher
o Cleaner spray
o Paper towel
o Spray bottle of DDIW
Clean the cutting board using general surface cleaner and paper towel. Wipe the board dry.
Remove cleaner residual from the cutting board by spraying it with DDIW. Wipe the board dry.
Remove the filter roll from its storage box. Place the stock membrane roll on the cutting board, so
that the paper membrane cover still covers the membrane material.
Using a ruler, measure out the dimensions of the membrane coupon. The dimensions are 3+7/8”
by 5+5/8”. Mark the dimensions with a sharpie. Making two at a time is optimal (place the
second in a secure location).
Using the ruler as a straight edge, cut out the membrane coupon(s) using the precision knife.
Punch holes in the long sides of the membrane coupon using the calibrated hole-puncher. These
holes align the membrane coupon with the metal pegs in the membrane cell.
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(D)

Assembling the Membrane Cell
•
•

1)

2)
3)

4)
5)
6)
7)
8)

(E)

It is very important to keep the orientation of the membrane cell correct. If a component is in the
wrong orientation, than
Materials
o Acrylic blocks (bottom, middle, top)
o Metal rack
o Quartz glass
o Sintered steel support piece
o 4 metal pegs
o Membrane coupon
o 6 machine screws
o 6 square nuts
o Philips screwdriver
o Aluminum tray
Place the aluminum tray under the rack. This tray will catch any falling pieces, as well as any
liquid in future steps.
Place the bottom acrylic block on the metal rack so that the permeate socket penetrates through
the rack, and with the influent socket facing the front of the metal rack and the concentrate socket
facing toward the end of the metal rack.
Insert the quartz glass, with the silicone gasket underneath, into the middle acrylic block.
a) UV ONLY: Make sure to wipe both sides of the quartz glass with a Chem-wipe to
remove any smudges or marks.
Add the membrane support piece and all four pegs to the bottom acrylic block.
Insert the membrane coupon onto the top of the bottom acrylic block.
Using the pegs as alignment, place the middle acrylic block on top of the membrane cell.
Add the top acrylic block on top of the middle acrylic block, with the screw holes aligned.
Screwing in the machine screws:
a) When screwing in the machine screws, always alternate tightening down each screw
every couple turns or so. This is to keep the acrylic from warping and the glass from
breaking. In other words, constantly switch between screws when tightening.
b) Take the machine screws and push them all the way through the membrane cell.
c) By hand, screw them into the corresponding square nut beneath the membrane cell.
d) Take the screwdriver and slowly screw in each screw UNTIL you start to feel resistance
from the screw driver; if you screw the screws in too tight, you will break the glass. The
screws are tightened all the way in the priming step.

Making the TSB
•
•
•
•
•

Unfiltered broth is used for initial propagation only. Filtered broth is used in membrane cell
experiments.
The directions here are for the powder form of the nutrient broth of TSB.
The nutrient broth is prepared using a ratio of 30 g of Tryptic Soy Broth powder to 1000 mL of
DIW.
Broth should always be warmed or cooled to room temperature before use.
Materials
o
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1) Determine how much broth you may need. You are able to store broth in a 4°C refrigerator, so
you want to make more than you need immediately. If you make 1 L of media, that could supply
you for 7 days (50 mL per E. coli sample and 20 mL for the feed solution).
2) Put a clean weighing dish on the lab scale.
3) Zero the balance.
4) If you are using a standard weighing spoon, remove the weigh dish from the scale and place it on
a clean surface. Begin scooping broth powder into the weighing dish until you think you have hit
the amount you need. Place the weighing dish back onto the scale, being careful not to spill
powder onto the scale. . Add or remove media to the dish.
a) 15 or 30 g is a lot to put using a standard weighing spoon, and you are more likely to spill
powder onto the scale.
5) Add the nutrient broth to an appropriate Erlenmeyer flask.
6) Measure out the corresponding volume of DIW using a graduated cylinder. Rinse off the weigh
dish into the flask using some of this water. Continue adding the corresponding amount of DIW
to the flask.
7) Use the weight spoon to scrap off the powder that is sitting on the bottom of the flask. Be careful
not to remove any solids when you take the weigh spoon out of the flask.
8) Put aluminum foil over the mouth of the flask(s), with the dull side facing upwards. Swirl the
flask around to help suspend the solids.
9) Put the flask in the sonicator until the powder is fully dissolved.
10) Remove the flask from the sonicator, and set it to the side.

(F)

Priming the Membrane Cell

Priming the membrane cell is important to eliminate any leakage. For priming, the flow rate and
concentrate pressure are increased to levels higher than that used during operation: if the membrane cell
does not leak during high pressure and flow rate, than it will not leak during lower pressure and flow rate.
•
•

1)
2)

3)
4)
5)
6)

Leaking during the priming stage is expected, because the membrane cell was not completely
tightened.
Materials
o Peristaltic pump (x2)
o Assembled membrane cell
o Puri-FlexTM Tubing (nutrient feed, E. coli feed, influent, permeate, concentrate)
o 500-1000 mL (non-specific) of DDIW
o Erlenmeyer flasks and/or jars
o Aluminum tray
Fill a 500 mL Erlenmeyer flask with about 700 mL of DDIW.
Attach the nutrient feed tubing, the concentrate tubing, and the permeate tubing to the membrane
cell.
a) The concentrate tubing wraps around the end of the rack and travels back under the
membrane cell and comes out of below the front of the rack.
Have the concentrate tubing completely open.
Put the nutrient feed tube into the 700 mL of DSW. Pump the 700 mL of DDIW (using only the
nutrient feed tube) through the membrane cell at 120 mL/min.
Fix any leaks by slowly tightening the appropriate machine screws with the screwdriver.
Remove any bubbles from the chamber by tilting the rack (NOT the membrane cell itself) by
lifting the back of the rack off the table. Any air bubbles will leave through the concentrate
tubing.
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a) You may have to tilt the rack back and forth to force any stubborn bubbles out of the
membrane cell.
b) The bubbles may also get stuck in the concentrate piping, so tilt the piping so the bubbles
will leave the tubing as well.
7) Increase the concentrate pressure to 9 PSI by slowly closing the needle valve.
8) While increasing the pressure, fix any leaks by slowly tightening the appropriate machine screws
with the screwdriver.
a) If there is a persistent leak from between the gaskets that will not stop by tightening the
screws, DO NOT continue to tighten the screws, or you may break the glass without
fixing the leak. This leak is caused by a flow path having been created under chamber
pressure, and it will not close because the gaskets are slightly compressible.
b) To remove this flow path, flush all of the DIW out of the membrane cell. Once the
membrane cell is empty of DIW, begin pumping the DIW back through the membrane
cell (doing Step 5) again). You should notice that the flow path will now be closed.
9) Once there has not been a leak membrane cell has not leaked for 5 minutes, drain the membrane
cell of liquid by following these steps:
a) Open the concentrate tubing, until the pressure decreases to 0 PSI.
b) Use air to flush the liquid out of the membrane cell.
c) Tilt the rack (NOT the membrane cell) so that the water in the chamber flows out the
concentrate.
d) Tilt the concentrate tubing so the water flows out of the piping.
e) Increase the concentrate pressure back up to 8 PSI to help dehydrate the membrane
coupon, but it does not need to be dry.
f) Remove the permeate tubing and drain it by hand (hold it up in the air). Replace the
tubing onto the membrane cell.
10) DO NOT disassemble the membrane cell or remove the tubing from the membrane cell.
11) DO NOT leave the membrane cell unattended for more than a couple of minutes: the pressure on
the glass from this priming step may cause it to break if it is not used immediately. If the
experiment is not ready, either continue recycling the water or loosen the screws (you will have to
prime the membrane cell again, if so).

(G)

Filtering the TSB with the Membrane Cell
•
•

1)
2)
3)
4)

Leaking during the priming stage is expected, because the membrane cell was not completely
tightened.
Materials
o Peristaltic pump
o Assembled membrane cell with tubing
o 500-1000 mL (non-specific) of DIW
o Erlenmeyer flasks and/or jars
o Aluminum tray
Place the influent tubing and the concentrate tubing into the TSB. Put the permeate tubing into
another Erlenmeyer flask of the same size volume.
Begin pumping at the nutrient solution through the membrane cell at 100 mL/min.
Set the concentrate pressure to 7 PSI.
During the filtering, the pressure will increase due to fouling of the membrane coupon, so you
will need to monitor and lower the pressure back to 7 PSI throughout the process.
o An increase in pressure reaffirms that filtering is occurring, which is good.
o You will also see the amount of permeate decrease over time. This is also an effect of
fouling occurring.
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5) Filter the TSB until the TSB is almost completely empty in the original flask. At this point, pause
the pump. Put the feed influent tubing and concentrate tubing into flask that should now be filled
with TSB.
6) Remove the permeate tubing and place it into a third empty Erlenmeyer flask.
7) Continue pumping, so that you will filter the TSB again.
8) This time, when the TSB gets low, you have a choice: continue the iterative process of trying to
filter the remaining TSB or waste a few mL of TSB. If you continue, you will be passing a lot of
bubbles through the membrane cell. If not, then turn the concentrate pressure to 0 PSI then just let
air pass through the concentrate tubing.
9) Pause the pump.
10) Air will not drain the permeate tube. Therefore, remove the permeate tubing and drain it into the
filtered TSB flask by hand. Replace the tubing on the membrane cell. Remove all of the tubing
from the TSB flask. Slightly unscrew the membrane cell to alleviate the pressure.
11) Replace the aluminum cap back onto the TSB flask.

(H)

Autoclaving the Filtered TSB
•
•

1)
2)
3)

4)

5)
6)

Remember that for every 50 mL of unfiltered TSB used for inoculation, 25 mL of filtered TSB is
used in the feed solution.
Materials:
o Flask of filtered TSB
o Multiple 125 mL Erlenmeyer flasks
Rinse out the 125 mL flasks to remove any settled particles that may have settled when the flask
was on the shelf.
Autoclave all of the flasks containing TSB at 121°C for 20 minutes.
While it is autoclaving, clean and disassemble the membrane cell:
a) Place all of the tubing in a flask containing 500 mL of DIW. Begin recycling the
membrane cell with DIW, increasing the concentrate pressure to 4 PSI.
b) While the membrane cell is recirculating DIW, take the 2 flasks containing low amounts
of TSB to the sink. Along with any other materials, rinse them out with TW, clean them
with soap and water, and place them on the drying rack.
c) After you have finished (or after 4-5 minutes), pause the pump, take the influent tubing
out of the 500 mL of water and put it in another 300 mL of water, and begin flushing the
membrane cell.
d) Once the membrane cell and tubing are emptied, disassemble the membrane cell.
i. You did not need to disinfect anything.
ii. Remove the membrane coupon. Dry the membrane cell by dabbing it with a
paper towel.
It is better to measure out the 100 mL used for bacterial samples now, rather than after
autoclaving, for sterilization purposes. In this case, use a graduated cylinder to measure out 100
mL of filtered TSB. Pour this 100 mL into 100 mL Erlenmeyer flasks. Remember that for every
50 mL used in E. coli samples, 25 mL is used in the feed solution.
Remove the flasks from the autoclave, and let them cool to room temperature in a fume hood or
in the biosafety hood.
Once cooled, either use the broth or store it in a 4°C refrigerator. The broth can either be stored in
that Erlenmeyer flask, or transferred to another container for storage.
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VI.

BIOFILM EXPERIMENTAL PROCEDURE (UV OR NO UV)

E. coli ATCC 25922 is used to grow biofilm on the surface of the membrane coupon in the
membrane cell. It should be noted that the E. coli entering the membrane cell are technically in planktonic
form. The planktonic E. coli will attach to the membrane coupon surface and form biofilm, which gives
them an environmental advantage over planktonic bacteria.4 During UV experiments, the objective is to
prevent the capability of the planktonic E. coli to attach and form biofilm on the membrane coupon.
The biofilm mass will be physically removed from the membrane coupon after the experiment by
sonication and vortexing, and suspended into a fixed quantity of water. Using this suspended biomass
solution, the number of E. coli cells in the sample and the total mass of the biofilm will be measured. The
mass of biofilm is represented by total solids (TS) by drying and weighing the resulting biomass. The
concentration of this sample can then be correlated to the total amount of total biomass. Cell count is
determined by spread plating. Cell count is an important parameter, as the exposure to UVC may increase
the amount of EPS produced by the stressed bacterium, but may not contain a large variety of living cells.
In order to grow biofilm quickly and easily, the nutrient supply in this wastewater may likely be
higher than that of natural systems. In theory, too low of nutrients will cause biofilm to either not be able
to grow or eventually run out of nutrient. If too much nutrient is added, the E. coli will not have incentive
to form biofilm. Targeted biofilm growth rates may therefore be much faster than in actual SWRO
systems due to the optimal growth conditions. The resulting data and modeling may allow for
extrapolation of required dose rate to lower growth rate scenarios.
Before an experiment can be run, there are many preparatory steps that must be taken in order to
establish experimental control, especially with sterilization. This manual is designed for the first two
major steps to be completed the day before the experiment. The next few steps are completed 1-2 hours
before the experiment can begin. The remainder of the steps outline the start of the experiment, and end
before the data analysis of results. The steps in this section are for either UV or non-UV Experiments; the
UV steps are ignored if UV is not used.

Part 1: The Day Before the Experiment
(A)

Nutrient Broth and Agar Plates
•

Both unfiltered and filtered TSB can be prepared for a week-worth of experiments. Broth should
be replaced every 7 days if it is not before.
o 50 mL of unfiltered TSB is used to prepare a sample of E. coli for the experiments.
o 25 mL of filtered TSB is used as the nutrient source in the feed water.
• You will need 6+ agar plates per experiment, so you may need to prepare more agar plates the
day before you need them.
• Materials needed per experiment:
o Stock of unfiltered TSB (50 mL)
o Stock of filtered TSB (25 mL)
o Agar plates (6+)
1) Follow Section III(B) for preparation of unfiltered broth, and Section V for filtered broth. If both
are needed, they should both be made at the same time, but in different flasks.
2) Follow Section III(A) if more agar plates are needed.
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(B)

Autoclave Dry and Low-liquid Materials

After talking with the people at Sterilelink, Inc., they said it was acceptable to autoclave both dry
and low-liquid materials at the same time as long as it was done in the low-liquid setting. Therefore, both
low liquid and dry materials are to be autoclaved together. These are autoclaved the day before use,
therefore this step is completed during the previous day’s experiment.
•

Autoclaving takes about an hour for the entire procedure, including the actual autoclaving,
cooling down of the autoclave, and letting the materials cool.
• Materials:
o Cart
o Falcon tubes (one set)
o Autoclave tape
o 500 mL Erlenmeyer flask (x3)
o 1000 mL graduated cylinder
o DDIW
o PBS tablets
o Aluminum foil
o 20 L carboy (empty)
o Foam plugs (1 small, 2 medium with holes, 3 large without holes)
o Transport container: “foam plugs”
o 125 mL Erlenmeyer flask
o Optional: toothpicks
o Optional: pipette tips
o Optional: 1.5 mL centrifuge tubes
1) Prepare falcon tubes:
a) The tubes should already be marked (1:10, 1:102, 1:103, 1:104, 1:105, 1:106, 1:107, 1:108,
1:109, and Centrifuge).
b) Tubes should have been already poured out properly, washed, and dried over night after
the previous day’s experiment. If not, pour tubes into a container for biological waste.
Rinse each tube 3 times with TW. Let them air dry completely.
c) Put the caps back on, but do not tighten them. Use centrifuge tape to fasten the caps to the
tubes.
d) Put the tubes on the tube rack and then place the rack on the cart.
2) Prepare PBS:
a) Fill two 500 mL Erlenmeyer flasks with 400 mL of DDIW.
b) Drop 2 PBS tablet into one of the 500 mL flasks. Put a large foam plug into the mouth of
the flask. Put aluminum foil over the mouth of the flask, with the rough side facing
outwards. With a sharpie, write “2NS” on the foil. This is for the nutrient feed solution.
c) Drop 3 PBS tablets in the 3rd 500 mL flask. Put a large foam plug into the mouth of the
flask. Put aluminum foil over the mouth of the flask, with the rough side facing outwards.
With a sharpie, write “3ES” on the foil. This is for the E. coli feed solution.
d) Prepare a 3rd PBS flask for use in centrifuging, if needed. Only 50 mL is needed at a time,
so the rest of this PBS can be stored in the 4°C refrigerator.
i. Drop 1 PBS tablets in one of the 500 mL flasks. Put a large foam plug into the
mouth of the flask. Put aluminum foil over the mouth of the flask, with the rough
side facing outwards. With a sharpie, write “1C” on the foil. This PBS is for the
post-experiment washing of the membrane cell.
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e) Place the flasks on the cart. The pellets should dissolve by the time you put them in the
autoclave. Swirling the flasks will help them dissolve. If they have not completely
dissolved, then they will during the autoclave process.
3) Prepare 20 L carboy:
a) Put the carboy on the cart.
b) Before putting the carboy in the autoclave, make sure the cap is on the carboy, but only
barely screwed on.
4) Set 2 medium foam plugs with holes that are used for the tubing, 3 large foam plugs for the PBS
flasks, and 1 small cap for the E. coli flask into the container labeled “Foam Plugs”. Leave one
side of the lid not partially open. Place the container on the cart
5) Place one 125 mL flask onto the cart. Put aluminum foil over the mouth of the flask. Place the
flask in the cart. This flask will be used in for obtaining the E. coli sample for the next day.
6) About 16 toothpicks are autoclaved at one time in the old pipette container labeled “Toothpicks
(sterile)”. These toothpicks will be used to transfer a frozen sample of E. coli from the frozen
stock to the nutrient broth. Once you run out of toothpicks, just stick more toothpicks into the
foam plug that is inside the container, wrap the container in aluminum foil, and place the
container on the cart.
7) If you need more sterile pipette tips or 1.5 mL centrifuge tubes, wrap a box of either/both in
aluminum foil. Place the box(s) onto the cart.
8) All of the above materials must be autoclaved. Take the cart down to the autoclave. Autoclave
everything together as Cycle #3.
9) After about 40 minutes, go back to the autoclave. Barely open the autoclave door until a little bit
of steam starts coming out: the autoclave requires a 10 minutes cool-down period before you can
remove the materials.
10) After the 10 minutes, take the materials out of the autoclave using oven mitts and place them onto
the cart. Bring the materials back to lab. Place them in the fume hood to cool down. The
containers should never be opened prior to use, or they are not considered sterile any longer.
11) After cooled down, put the one of the large foam plugs into the mouth of each of the PBS flasks.
Put the PBS in the 4°C refrigerator overnight.

(C)

Obtaining E. coli Sample

A fresh sample of inoculated TSB is prepared each day. The incubation is for 18 hours, so it
should be done the evening before the experiment. The incubation of 18 hours was chosen to get the E.
coli to stationary phase, so that the concentration of E. coli is constant in the flask. Since the samples of E.
coli ATCC 25922 are pure culture, isolating a single colony by streak plating is not necessary. Instead,
unfiltered TSB is directly inoculated by the frozen sample. After incubation, the E. coli sample is
centrifuged, so this procedure does not require filtered TSB.
•
•

THE SAMPLE MUST INCUBATE 18 HOURS BEFORE IT CAN BE USED IN THE
EXPERIMENT. TIME THIS SAMPLING ACCORDINGLY FOR EVERY EXPERIMENT.
Use this table to determine when you want to make the inoculated sample:
Time 0
(put into incubator)
2:00 pm
3:00 pm
4:00 pm
5:00 pm

18 hours
(take out of incubator)
8:00 am
9:00 am
10:00 am
11:00 am
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•

Because the E. coli vials tubes are stored in CETL, take extra care to limit the exposure of the
sampling equipment and the E. coli sample when moving between Rich and CETL. Make sure to
change your gloves whenever you touch a door handle when leaving/entering a room.
• Materials
o Transport container
o Sterile 1.5 mL centrifuge tube
o Container holding sterile toothpicks
o Flame (small beaker of 70% ethanol, Bunsen burner, and lighter)
o Stock of unfiltered TSB (>50 mL)
o 50 mL graduated cylinder
o Autoclaved foam plug (small)
o Autoclaved 125 mL Erlenmeyer flask
o Frozen E. coli vial
1) Take the transport container to the biosafety hood. Open it up in the biosafety hood with the
interior of the container and the lid facing upwards. Take the petri dish labeled “Toothpick only”
and put it in the biosafety hood opened up in the same way. Turn on the UV bulb in the biosafety
hood to disinfect the materials.
2) Move the container labeled “Toothpick Container” to the biosafety hood. Remove a sterile
toothpick from the container and place it in the petri dish. Close the petri dish. Put the petri dish
in the transport container. Move the “Toothpick Container” back to the fume hood.
3) Put a single 1.5 mL centrifuge tube, the sterile 125 mL Erlenmeyer flask, the stock solution of
filtered TSB, the 50 mL graduated cylinder, the box of sterile pipette tips, a 100-1000 μL pipette,
and a lighter to the biosafety hood.
4) Using a pipette and sterile pipette tip, take 1 mL of unfiltered TSB and transfer to the 1.5 mL
centrifuge tube. Close the cap on the centrifuge and place it into the transport container. Close the
transport container.
5) Flame the rim of the stock filtered TSB flask and then measure out 49 mL of unfiltered TSB in
the graduated cylinder. Put the foam plug back on the flask of TSB. Pour the 49 mL of TSB from
the graduated cylinder into the autoclaved 125 mL Erlenmeyer flask. Put the autoclaved small
foam plug into the mouth of the 125 mL flask. Put the stock solution of filtered TSB back into the
4°C refrigerator, and put the graduated cylinder in the sink.
6) Move everything back to the fume hood besides 125 flask and the transport container.
7) Discard your gloves, put a fresh pair in your lab coat pocket, take the transport container over to
CETL center lab.
o You will need to have access to both the lab and the -80°C freezer. Someone in Dr.
Cates’ lab can assist you.
8) Open the -80°C freezer and then put on the fresh pair of gloves.
9) Take a vial of frozen E. coli out of the -80°C freezer.
a. Use the same vial each time for a couple of months.
b. Make sure to mark this vial with the date, if it has not been opened before.
10) Take the toothpick petri dish and the centrifuge tube out of the transport container. Put the frozen
vial of E. coli and the 1.5 mL centrifuge tube into your left hand. With your right hand, take off
the lid of the vial and pop open the cap of the 1.5 mL centrifuge tube. With your right hand, take
the toothpick out the petri dish. Use the toothpick to scrap a very small sample of frozen E. coli
out of the vial, then submerge the tip of the toothpick containing the ice chip into the TSB; you
will see the frozen sample melt into the TSB almost immediately. Close the cap on the 1.5 mL
centrifuge tube, tighten the lid back on the frozen vial, and discard the toothpick.
11) Put the vial of frozen E. coli back into the -80°C freezer. Lock the freezer and return the key. Put
the petri dish that held the toothpick back into the transport container. Put the 1.5 mL centrifuge
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tube back into the transport container. Close the lid of the transport container. Discard your
gloves and carry the transport container back to Rich Lab.
12) In the biosafety hood, pour the 1 mL of E. coli inoculated TSB into the 125 mL flask containing
49 mL of TSB. Move the flask into the shaking incubator in Dr. Popat’s lab. Set the incubator to
37°C and a rate of 115 rpm. Record the time, as this is the start of the 18 hour clock. Discard the
1.5 mL centrifuge tube.

Part 2: An Hour Before the Experiment
These disinfection steps should be done an hour before the 18 hour mark of the incubation. Plan
accordingly.

(D)

Disinfect and Clean Tubing

The nutrient feed tubing, the E. coli feed tubing, the influent tubing, the permeate tubing, and the
concentrate tubing all need to be cleaned and disinfected. Though the tubing itself does not need as
thorough a procedure as described, the piping in the concentrate tubing does. The materials to clean the
tubing come from Herzberg and Elimelech.5 Ethanol is listed by the manufacturer of the Puri-FlexTM
tubing as a possible disinfection technique.6
•

The permeate tubing does not contains biological substances, piping, and is never recycled during
the experiment. Therefore, permeate tubing does not need to be disinfected like the other tubing
and so it is cleaned separately.
• Wear a medical-style mask, as the SDS is toxic via inhalation and the denatured ethanol is highly
volatile and toxic via inhalation.
• “Recirculation” refers to when all the tubing starts and ends in the same flask/beaker. “Flushing”
refers to when a liquid is pumped from one flask/beaker and is collected in a separate beaker;
flushing means that the liquid is pumped through until it expires in the flask, and continued until
the tubing is void of liquid.
• Materials:
o Peristaltic pump (x2)
o Puri-FlexTM Tubing (nutrient feed, E. coli feed, influent, permeate, concentrate)
o Stainless steel pipe tee
o Stainless steel straight connector piece
o 100 mL Graduated cylinder
o 150 mL beaker (x2)
o 500 mL Erlenmeyer flask (x2)
o 1000 mL beaker
o Tap water (TW)
o Fresh DDIW
o Denatured ethanol
o Ethylenediaminetetraacetic acid (EDTA) salt powder
o Dodecyl sulfate, sodium salt (SDS) powder
4) Making the EDTA (5 mM) and SDS (2 mM) solution
a) Put a weigh boat on the scale, and zero the scale.
b) Put 0.186 g of EDTA powder into the weigh boat.
c) Put 0.058 g of SDS powder into the weigh boat, for a total mass of 0.244 g.
d) Add the contents of the weigh boat to the 150 mL beaker.
e) Measure out 100 mL of DDIW in a graduated cylinder. Use some of this to rinse out
the weigh boat into the beaker. Then, pour the rest of the DDIW into the beaker. Pour
this into the beaker to 100 mL with DDIW. Dispose of the weigh boat.
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f) The powders will fully dissolve if left sitting for a few minutes, so cover the beaker
with aluminum foil.
5) Making the 70% ethanol solution
a) In a graduated cylinder, measure out 30 mL of DDIW.
b) Pour 70 mL of denatured ethanol into the same graduated cylinder, having a total of
100 mL.
c) Cover the beaker with aluminum foil to prevent vaporization.
d) Wipe the jug of denatured ethanol with a paper tower and put it in the fume hood for an
hour before putting it back in the cabinet.
6) Cleaning the permeate tubing:
a) Connect the permeate tubing to the higher flow rate peristaltic pump. Set the flow rate
to 200 mL/min.
b) Fill two 500 mL Erlenmeyer flasks with 300 mL of TW. Put the open end of the tube
into one of the flasks and the other end into the 1000 mL beaker.
c) Flush the tubing with 300 mL of TW twice.
d) Once the tubing becomes empty, remove the permeate tubing from the pump.
e) Dump the TW in the 1000 mL beaker into the sink.
7) Cleaning the rest of the tubing:
a) Connect the nutrient feed tubing to the higher flow rate pump. Connect the E. coli feed
tubing to one lower flow rate pump. Connect the nutrient feed tubing and the E. coli
feed tubing to the pipe tee. Connect one end of the influent tubing to the pipe tee, and
the other end to the straight connector. Connect the concentrate tubing to the straight
connector.
o Make sure the needle valve is opened.
o Both ends of the feed tubing will always go into the same flask.
o Each pump will be run at 150 mL/min for all steps.
o When flushing liquid, bubbles will get stuck in the concentrate piping. Remove
them by tilting the concentrate tubing until they flow out.
o When flushing air, liquid will get stuck in the concentrate piping. Remove the
liquid by tilting the concentrate tubing until the liquid flows out.
b) Fill two 500 mL flasks with 500 mL of TW. Flush the tubing with 500 mL of TW using
each beaker. Repeat this step if you still see solids coming out of the tubing.
c) Place the beaker of EDTA/SDS inside the 1000 mL beaker to support the small beaker.
Recirculate the 100 mL EDTA/SDS solution through the tubing for 4 minutes. Increase
the concentrate pressure to about 8 PSI to clean the “needle”, and then reopen the
valve. Flush the solution out of the tubing with air.
d) Flush the tubing with 500 mL of TW. While it is flushing, pour the EDTA/SDS
solution into the waste container labeled “0.1% EDTA/SDS”.
e) Recirculate the 100 mL ethanol solution through the tube for 5 minutes. While the
ethanol is recirculating, go fill three 500 mL flasks with DDIW. Once the 5 minute
period ends, flush the ethanol out of the tubing using air. Pour the waste ethanol into
the large container labeled “ethanol waste”.
f) Flush the tubing with 500 mL DDIW. Repeat this step three times.
g) The tubing should be void of all liquid. Disconnect the straight connector from both the
influent and concentrate tubing. Put the straight connector into its bag.
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(E)

Disinfecting the Membrane Cell

Acrylic cannot withstand the high temperatures, thus cannot be autoclaved.7 Acrylic is also not
resistant to ethanol.8,9 Sodium hypochlorite is one of the best methods for disinfecting the acrylic.10
Acrylic is resistant to sodium hypochlorite.8,9
•

Only the interior of the membrane cell needs to be disinfected (the top of the bottom acrylic
block, the bottom of the middle acrylic block, the port holes in the top acrylic block, and the glass
window).
• Materials:
o Membrane cell (all pieces beside membrane coupon)
o Clorox bleach spray
o DSW
o Microfiber towels (x2)
o Membrane cell wash tray
8) The membrane cell should be completely disassembled, excluding the silicone gaskets, the O-ring
and the port sockets.
9) Place the machine screws and square nuts in a small beaker of DSW.
10) Wash the membrane support piece and the metal pegs with DSW only; chlorine will degrade the
piece, and in theory, it should never contact microbial substances.
11) Fill the tray labeled “Membrane Cell Wash” with DSW in the sink.
12) Take one of the parts of the membrane cell to the sink and disinfect it using the bleach spray and
the microfiber cloth. Make sure to spray into the quick-disconnects and the flow channel. Rinse it
off with DSW. Submerge it in the “Membrane Cell Wash” tray. Repeat this for all parts of the
membrane cell (bottom, middle, top, glass).
o Submerging the parts in the DSW will remove solids on/in the acrylic and any residual
chlorine off of the blocks.
13) Remove the components from the tray one by one. Rinse each one with DSW, dry it with a
microfiber towel, and lay it back on the metal rack. Repeat this process for all components. After
all are removed, drain the “Membrane Cell Wash” tray and place it on the drying rack.
14) UV ONLY: Wipe it down with a Chem-wipe. Take it the spectrophotometer. Follow Section
IIError! Reference source not found. for using the spectrophotometer. Measure and record the
percent transmittance of the quartz glass. It should be between 89% and 91%.
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Part 3: The Experiment
(F)

Preparing the Nutrient Feed Solution and E. coli Feed Solution

The E. coli feed solution consists of 100 mL of E. coli sample that has been incubated for 18
hours, and 1000 mL of PBS. The E. coli sample that was incubated is to be centrifuged and added to PBS
as the E. coli feed solution. The transition and centrifuging process is inspired from Koseki, et al., and
Reynolds, et al.1,11
The nutrient feed solution consists of DDIW, filtered TSB, and PBS. The solution is held in a 20
L carboy. The dilution of nutrient broth is 1:1000, emulating the nutrient source conditions of Herzberg
and Elimelech.5 The concentration of the phosphate-buffer in the nutrient solution is 0.16 mM. This is
kept low because in the experiment, the contact time between the nutrient feed solution and the E. coli
cells is very small.
•
•
•

1)
2)
3)
4)

5)
6)

Note: the 20 L carboy actually holds about 28 L of liquid.
The 20 L carboy, all three flasks of the PBS solution, and falcon tubes should have been
autoclaved (Section VI(B)).
Materials:
o 50 mL of E. coli solution, incubated for 18 hours
o Lighter
o Autoclaved falcon tubes
o Autoclaved 400 mL PBS (2 tablets)
o Autoclaved 400 mL PBS (3 tablets)
o Autoclaved/sterile 50 mL falcon tube
o 50 mL falcon tube (sterile/unsterile/previously prepared with TW)
o Autoclaved 20 L carboy
o Autoclaved foam plugs
o DDIW (fresh)
o Graduated cylinder (100 mL and/or 50 mL)
o 1 L roller bottle (sterile)
o 100 mL beaker or flask
o Stir bar
o Pipette
o Pipette tips (sterile)
o 50 mL beaker (x2)
o pH paper
Sterilize the biosafety hood.
Once the 18 hour incubation has finished, remove the 125 mL flask that contains the 50 mL E.
coli sample from the incubator and place it in the biosafety hood to cool.
Once cooled, flame the rim of the 125 mL flask and pour it into the autoclaved 50 mL falcon tube
labeled “Centrifuge”. Tighten the lid of the tube.
Put the tube in the centrifuge in Dr. Cates lab. For the centrifuge to function properly, there must
be another falcon tube of equal weight in the opposite compartment (this should correspond to
about 51 mL of TW). This falcon tube is labeled “H2O” and can be reused over and over.
Set the centrifuge for 3000 rpm, 15 min.
While the sample is centrifuging:
a) Put all three flasks containing 300 mL of PBS, the stock of filtered TSB, autoclaved 25
mL volumetric flask, the autoclaved 20 L carboy, and a sterile roller bottle on the cart.
b) Take the cart to Dr. Popat’s lab. Transfer everything but the carboy and the roller bottle
to the biosafety hood.
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c) In the biosafety hood, transfer 25 mL of filtered TSB from the stock flask of filtered TSB
to the flask of PBS labeled “2NS” using a pipette and sterile pipette tip.
d) Pour the autoclaved 300 mL PBS + 25 mL filtered TSB into the carboy. Replace the cap
on the carboy.
e) Leave everything in the biosafety hood, and take the carboy and roller bottle to the
DDIW source (Section II(C)). Fill the roller bottle to 600 mL and then replace the cap.
Fill the carboy with DDIW until you reach the 25 L mark. Tighten the cap on the carboy.
Manually swirl the carboy to mix the contents.
f) Take the roller bottle back to the biosafety hood. Take the carboy back to Dr. Cates’ lab
on the cart.
7) The centrifuge process should be finished. Remove the E. coli vial and move it to the biosafety
hood.
8) “Washing” the E. coli:
a) Pour the supernatant (the liquid) into the empty 125 mL flask that once contained the E.
coli, but do not let any of the E. coli mass (white pellet) get washed out.
b) Pour approximately 50 mL of PBS from the flask labeled “1C” into the tube. Put the
foam plug and aluminum foil back on the flask.
c) Centrifuge the falcon tube again at 3000 rpm for 15 minutes.
9) While centrifuging:
a) Take the flask of filtered TSB and the flask of PBS labeled “1C” back to Dr. Cates’ lab.
Put the stock of filtered TSB back in the 4°C refrigerator. Put the PSB labeled “1C” in the
fume hood.
b) Take the empty 500 mL Erlenmeyer flask to the sink in Dr. Cates lab. Put the large foam
back in the transport container labeled “foam plugs”. Take the flask to the sink and wash
it out thoroughly with TW, then place it on the drying rack.
c) In the biosafety hood, pour a little more than half of the PBS labeled “3ES” into the roller
bottle. Tighten the cap back onto the roller bottle. Put the foam plug back on the flask of
PBS.
10) After the centrifuging has been completed, transport the falcon tube back to the biosafety hood
and pour out the supernatant into the same 125 mL flask.
11) Pour about 30-40 mL of the PBS from the flask labeled “3ES” into the falcon tube. Put the cap
back on the tube and swirl it around until you can get as much of the E. coli mass resuspended as
you can. Pour the solution from the falcon tube into a roller bottle. Continue repeating these
process until the entire E. coli pellet has been dissolved and poured into the roller bottle. Repeat
one last time to ensure the tube was washed of all cells.
12) Pour the remaining PBS from the flask labeled “3ES into the roller bottle. Secure the cap back
onto the roller bottle.
o The roller bottle should now be close to 1000 mL.
13) Take the roller bottle back to the lab. Put a sterile stir bar into the roller bottle. Secure the cap
back on the bottle. Place the bottle on the stir plate. Turn the stir plate to a low speed of 60 rpm.
14) Take the pH of both feed solutions:
a) Take out a piece of pH paper and place it in a 50 mL beaker. Using a pipette and sterile
pipette tip, take a 0.1 mL sample of the nutrient feed solution. Put the 0.1 mL sample
directly onto the litmus paper. Record the pH. Dispose of the pipette tip.
b) Take out another piece of litmus paper and place it in a 50 mL beaker. Using a pipette
and sterile pipette tip, take a 0.1 mL sample of the E. coli feed solution. Put the 0.1 mL
sample directly onto the litmus paper. Record the pH. Dispose of the pipette tip.
15) Clean all of the dirty flasks once you start the experiment (the 125 mL flask of supernatant is
poured into the biosafety container, and everything is cleaned with soap and water).
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(G)

Making the Membrane Coupon

The membrane coupon is prepared for each use of the membrane cell. Using a new membrane ensures
that the membrane is sterile.
•

0.1 PVDF membranes are used initially, but this same procedure would be used for any
membrane material or pore size.
• The membrane cover paper should be kept on the membrane material until the hole punching
procedure. This keeps the membrane filter clean and sterile.
• Materials
o Membrane filter roll
o Cutting board
o Precision knife
o Ruler
o Sharpie
o Calibrated hole-puncher
o Cleaner spray
o Paper towel
o Spray bottle of DDIW
6) Clean the cutting board using general surface cleaner and paper towel. Wipe the board dry.
Remove cleaner residual from the cutting board by spraying it with DDIW. Wipe the board dry.
7) Remove the filter roll from its storage box. Place the stock membrane roll on the cutting board, so
that the paper membrane cover still covers the membrane material.
8) Using a ruler, measure out the dimensions of the membrane coupon. The dimensions are 3+7/8”
by 5+5/8”. Mark the dimensions with a sharpie. Making two at a time is optimal (place the
second in a secure location).
9) Using the ruler as a straight edge, cut out the membrane coupon(s) using the precision knife.
10) Punch holes in the long sides of the membrane coupon using the calibrated hole-puncher. These
holes align the membrane coupon with the metal pegs in the membrane cell.

(H)

Assembling the Membrane Cell
•

It is very important to keep the orientation of the membrane cell correct. If a component is in the
wrong orientation, than
• Materials
o Acrylic blocks (bottom, middle, top)
o Metal rack
o Quartz glass
o Sintered steel support piece
o 4 metal pegs
o Membrane coupon
o 6 machine screws
o 6 square nuts
o Philips screwdriver
o Aluminum tray
9) Place the aluminum tray under the rack. This tray will catch any falling pieces, as well as any
liquid in future steps.
10) Place the bottom acrylic block on the metal rack so that the permeate socket penetrates through
the rack, and with the influent socket facing the front of the metal rack and the concentrate socket
facing toward the end of the metal rack.
11) Insert the quartz glass, with the silicone gasket underneath, into the middle acrylic block.
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a) UV ONLY: Make sure to wipe both sides of the quartz glass with a Chem-wipe to
remove any smudges or marks.
12) Add the membrane support piece and all four pegs to the bottom acrylic block.
13) Insert the membrane coupon onto the top of the bottom acrylic block.
14) Using the pegs as alignment, place the middle acrylic block on top of the membrane cell.
15) Add the top acrylic block on top of the middle acrylic block, with the screw holes aligned.
16) Screwing in the machine screws:
a) When screwing in the machine screws, always alternate tightening down each screw
every couple turns or so. This is to keep the acrylic from warping and the glass from
breaking. In other words, constantly switch between screws when tightening.
b) Take the machine screws and push them all the way through the membrane cell.
c) By hand, screw them into the corresponding square nut beneath the membrane cell.
d) Take the screwdriver and slowly screw in each screw UNTIL you start to feel resistance
from the screw driver; if you screw the screws in too tight, you will break the glass. The
screws are tightened all the way in the priming step.

(I)

Priming the Membrane Cell

Priming the membrane cell is important to eliminate any leakage. For priming, the flow rate and
concentrate pressure are increased to levels higher than that used during operation: if the membrane cell
does not leak during high pressure and flow rate, than it will not leak during lower pressure and flow rate.
•
•

1)
2)
3)

4)
5)
6)

7)
8)

Leaking during the priming stage is expected, because the membrane cell was not completely
tightened.
Materials
o Peristaltic pump (x2)
o Assembled membrane cell
o Puri-FlexTM Tubing (nutrient feed, E. coli feed, influent, permeate, concentrate)
o 500-1000 mL (non-specific) of DDIW
o Erlenmeyer flasks and/or jars
o Aluminum tray
Fill a 500 mL Erlenmeyer flask with about 700 mL of DDIW.
Have the concentrate tubing completely open.
Attach the nutrient feed tubing and the E. coli feed tubing to the pipe tee. Attach one end of the
influent tubing to the pipe tee and the other to the membrane cell. Attach the concentrate and
permeate tubing to their corresponding port in the membrane cell. Put the ends of the concentrate
and permeate tubing into their corresponding 10 L waste containers.
Put the nutrient feed tube into the 700 mL of DSW. Pump the 700 mL of DDIW (using only the
nutrient feed tube) through the membrane cell at 120 mL/min.
Fix any leaks by slowly tightening the appropriate machine screws with the screwdriver.
Remove any bubbles from the chamber by tilting the rack (NOT the membrane cell itself) by
lifting the back of the rack off the table. Any air bubbles will leave through the concentrate
tubing.
a) You may have to tilt the rack back and forth to force any stubborn bubbles out of the
membrane cell.
b) The bubbles may also get stuck in the concentrate piping, so tilt the piping so the bubbles
will leave the tubing as well.
Increase the concentrate pressure to 9 PSI by slowly closing the needle valve.
While increasing the pressure, fix any leaks by slowly tightening the appropriate machine screws
with the screwdriver.
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a) If there is a persistent leak from between the gaskets that will not stop by tightening the
screws, DO NOT continue to tighten the screws, or you may break the glass without
fixing the leak. This leak is caused by a flow path having been created under chamber
pressure, and it will not close because the gaskets are slightly compressible.
b) To remove this flow path, flush all of the DIW out of the membrane cell. Once the
membrane cell is empty of DIW, begin pumping the DIW back through the membrane
cell (doing Step 4) again). You should notice that the flow path will now be closed.
9) Once there has not been a leak membrane cell has not leaked for 5 minutes, drain the membrane
cell of liquid by following these steps:
a) Open the concentrate tubing, until the pressure decreases to 0 PSI.
b) Use air to flush the liquid out of the membrane cell.
c) Tilt the rack (NOT the membrane cell) so that the water in the chamber flows out the
concentrate.
d) Tilt the concentrate tubing so the water flows out of the piping.
e) Increase the concentrate pressure back up to 8 PSI to help dehydrate the membrane
coupon, but it does not need to be dry.
f) Remove the permeate tubing and drain it by hand (hold it up in the air). Replace the
tubing onto the membrane cell.
10) DO NOT disassemble the membrane cell or remove the tubing from the membrane cell.
11) DO NOT leave the membrane cell unattended for more than a couple of minutes: the pressure on
the glass from this priming step may cause it to break if it is not used immediately. If the
experiment is not ready, either continue recycling the water or loosen the screws (you will have to
prime the membrane cell again, if so).

(J)

Final Priming of the Membrane Cell

The membrane cell has already been primed to fix the leaking of the membrane cell. However,
the experimental clock only starts when the E. coli is injected into the membrane cell. Therefore, the
membrane cell must be primed with just the nutrient feed solution before injecting the E. coli.
•

1)

2)
3)

4)

Materials:
o Entire membrane cell configuration
o Nutrient feed solution
o E. coli feed solution
o 10 L waste containers (x2)
At this point, the following should be ready:
a) The needle valve should be completely open.
b) The nutrient feed tubing is connected to the fast flow rate pump and to the pipe tee.
c) The E. coli feed tubing is connected to the slow flow rate pump and to the pipe tee.
d) The influent tubing is connected to the pipe tee and the membrane cell.
e) The permeate tubing is connected to the membrane cell and in the 10 L waste container.
The concentrate tubing is connected to the membrane cell and in other 10 L waste
container.
Remove the cap on the E. coli feed solution. Put the E. coli feed tube into the container until it
reaches just above the bottom. Make sure the foam plug is secured in the mouth of the container.
Replace the cap on the nutrient feed tank with the cap with the 4 cm hole. Place the nutrient feed
tubing into the nutrient feed tank. Make sure the tubing reaches just above the bottom of the tank.
Secure the foam plug into the 4 cm hole of the cap.
Prime the E. coli feed tubing:
a) Set the slow flow rate tubing to 42 mL/min. Turn the pump on. Once the liquid is about
to reach the pipe tee, pause the pump.
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b) Change the flow rate to 2 mL/min, but DO NOT continue pumping.
5) Set the flow rate on the fast flow rate pump to 40 mL/min. Begin pumping of the nutrient feed
solution, but NOT the E. coli feed solution.
6) Remove any bubbles from the chamber by tilting the rack (NOT the membrane cell itself) by
lifting the back of the rack off the table. Any air bubbles will leave through the concentrate
tubing.
a) You may have to tilt the rack back and forth to force any stubborn bubbles out of the
membrane cell.
b) The bubbles may also get stuck in the concentrate piping, so tilt the piping so the bubbles
will leave the tubing as well.
7) Increase the concentrate pressure to 4 PSI by slowly closing the needle valve.
a) There should not be any leaks, but fix them if there are by tightening the machine screws.
8) Watch the concentrate pressure until it becomes steady at the same PSI.
9) UV ONLY: set-up the UV collimator
a) Pause the pump of the nutrient feed solution.
b) Put the cardboard over the membrane cell.
c) Move the UV collimator over the membrane cell. Remove the top of the UV collimator
and look down the collimating tube to make sure the UV chamber is directly below the
collimating tube, and that the cardboard is not blocking the UV chamber. Adjust the
metal rack or the membrane cell to make this happen.
d) Cover the UV chamber of the membrane cell with the cardboard piece.
e) Plug in the UV bulb in the power outlet. This will turn on both the UV bulb and the fan.
f) Let the UV bulb run for 5 minutes and then remove the cardboard that is covering the UV
chamber, but be careful not to move the other cardboard when you do so.
g) Continue pumping the nutrient feed solution.
10) Now, continue pumping the E. coli solution.
11) The clock starts once the E. coli enters the stream. This should be signaled by the small bubble
entering the influent tubing from the pipe tee.
a) The increase in flow should not increase the concentrate pressure, but lower it back to 4
PSI if it does.
b) You may need to remove the bubble from the membrane cell.
12) Monitor the membrane cell for 10 minutes. If the pressure increases, drop it back down to 4 PSI.

(K)

Monitoring During the Experimental Run
•

Materials
o Pen
o Paper
o pH paper
o UV ONLY: cuvette (x3)
o UV ONLY: pipette
o UV ONLY: sterile pipette tips (x2)
o UV ONLY: DDIW
1) Prepare for post-experiment:
a) Remove 3 aluminum dishes from the container. Take a sharpie and mark each one either
“1”, “2”, or “3”. Place the aluminum dishes in the desiccator to remove moisture.
b) Place 5+ agar dishes into the biosafety hood to warm to room temperature and for the
condensation on the lids to evaporate.
2) UV ONLY: measure percent transmittance of the feed solutions:
a) Fill a cuvette with DDIW.
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b)
c)
d)
e)

3)
4)
5)
6)
7)

8)

Use a pipette and sterile pipette tip to fill a cuvette with nutrient feed solution.
Use a pipette and sterile pipette tip to fill a cuvette with E. coli feed solution.
Take the three cuvettes and a Chem-wipe to the spectrophotometer.
Use the spectrophotometer to measure the percent transmittance (Section IIError!
Reference source not found.). Use the DDIW as a blank. Record the percent
transmittance for both the nutrient feed solution and the E. coli feed solution.
Every 15 minutes, check on the membrane for any issues, such as leaks, broken glass, etc.
Record the pressure gauge reading every 30 minutes.
Record the pH of both the concentrate and the permeate waste containers. Just drop a piece of
litmus paper into the waste and record the pH.
Replace the waste containers if they become full.
If either the nutrient feed solution or the E. coli feed solution runs out, pause the pumps before
any bubbles get into the tubing. This is the end of the experimental trial, so mark the time to the
minute.
a) Either solution can be replaced if it was anticipated and prepared. To replace one of the
solutions, pause both pumps at the same time and replace the container.
Sterilize the biosafety hood about 20 minutes before the end of the experimental trial.
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Part 4: Biofilm Quantification
(L)

Opening the Membrane Cell and Preparing the Suspended Biomass Solution
•

Materials:
o 500 mL Erlenmeyer flask
o 500 mL DDIW
o Screwdriver
o Lighter
o Precision knife
o Cutting board
o 1000 mL beaker
o 150 mL beaker
o 100 mL graduated cylinder
1) Fill a 500 mL flask with DDIW.
2) Pause the E. coli feed solution pump. Continuing to pump the nutrient feed solution for about 15
seconds, and then pause this pump. DO NOT let any air into the tubing if possible.
3) Move ONLY the nutrient feed tubing into the flask of DDIW.
4) Begin pumping ONLY the DDIW (leave the E. coli feed alone) at 100 mL/min.
5) Decrease the pressure to 1-2 PSI.
a) If you release the pressure before starting to pump, the back pressure will suck air into
the chamber. Air to liquid interface may cause shearing of the biofilm. Extreme delicacy
must be taken at this point. However, opening the membrane cell with water still in the
flow chamber will cause a lot of turbulence which will cause more problems.
b) If any bubbles do enter the flow chamber, DO NOT tilt the rack to release them, this will
definitely cause shearing.
6) While the DDIW is running, empty the remainder of the nutrient feed solution into the sink and
rinse out the carboy with either DSW.
7) Once the flask of DDIW expires, flush the membrane cell with air at 50 mL/min. Keep the
pressure at 2 PSI. Again, DO NOT tilt the rack to remove water from the flow channel. To
remove remaining water from the flow chamber, completely close off the needle valve and then
open it once the pressure reaches 11 PSI. This action will force water in the chamber through the
membrane. Repeat this process if there is still visible quantities of water in the flow chamber.
Some of the water will not filter though, but that is ok.
8) Remove the influent, concentrate, and permeate tubing from the membrane cell. Let them drain
either into waste containers or into the aluminum tray, but do not worry about pumping anything
out of them or cleaning them for now.
9) Slightly unscrew the screws to release the pressure on the quartz glass, but do not remove the
screws from the membrane cell.
10) Sterilize the cutting board by wiping it down with soap and then with DIW to remove soap
residue. Flame the blade of the knife using a lighter.
11) Slightly unscrew all the machine screws with a screwdriver. Then completely unscrew the screws
and remove them from the membrane cell. Place them on a paper towel or into a beaker.
12) Carefully take off the top and middle acrylic blocks from the membrane cell (they will be stuck
together) and be very careful not to remove the membrane coupon from the bottom acrylic block.
Place the top and middle blocks to the side.
13) Transfer the membrane coupon to the cutting board.
14) The active membrane space should be very noticeable now. Following the outline of the O-ring
imprint on the membrane coupon, use the knife to cut the active membrane space from the
membrane coupon.
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a) Make sure to cut out the influent and concentrate portions of the flow channel, since these
portions are exposed to E. coli but not to UV light.
15) Pick up the membrane coupon using forceps. Grab the membrane coupon right inside one of the
long sides (there is space between the O-ring and the active membrane space that was not
exposed to biological growth).
16) Thoroughly rinse the membrane cell into the sink with a spray bottle of DDIW. Be gentle as to
not shear biofilm.
17) Transfer the membrane coupon to a 1000 mL beaker.
18) Fill the beaker with DDIW until the entire membrane coupon is submerged. Try to use as little
water as possible. It should be around 50 mL. Put parafilm over the top of the beaker.
19) Place the beaker in the sonicator for 10 minutes. Because the beaker is mostly air, it will be
buoyant in the sonicator, so use the stand to hold it down in the sonicator bath.
20) While sonicating, try to complete as many parts of Section VI(O) as possible.
21) Remove the beaker from the sonicator.
22) Remove the membrane coupon from the beaker using forceps. Thoroughly rinse the membrane
coupon into the beaker with DDIW and dispose of the membrane coupon. Rinse the forceps into
the beaker and put the forceps in the sink to be cleaned later.
23) Pour the volume of solution from the 1000 mL beaker into a 100 mL graduated cylinder to
measure the total volume. Rinse the 1000 mL beaker into the graduated cylinder using about 10
mL of DDIW. Record this volume. Pour the solution into a sterile 150 mL beaker. Fill the
graduated cylinder with 5 mL of DDIW and swirl it around it. Pour the 5 mL of DDIW into the
150 mL beaker. Record “+5 next to the volume you had recorded. Put the 1000 mL beaker and
the graduated cylinder in the sink, and quickly move onto the next steps.

(M)

Spread Plating

Spread plating technique is adapted from Aseptic Laboratory Techniques: Plating Methods by
Erin R. Sanders, “Brock Biology of Microorganisms” by Madigan, et al., and “Benson’s Microbiological
Applications: Laboratory Manual in General Microbiology, Short Version” by Alfred E. Brown (from
Clemson University’s Microbiology 3051 course).12–14
Spread plating is used to determine the amount of cells in a sample. Dilutions of bacteria sample
are made and then poured onto the agar plates, and incubated. The result are plates that have easily
quantifiable amount of colonies, referred to as colony forming units (CFU). Since a colony is cluster of
bacteria formed from a single bacterium, the number of a colonies is a direct representation of the amount
of bacteria present. Based on the dilution factories, the CFU count can then be correlated back to the
original sample to determine how many bacteria cells are present.
•

Materials:
o Suspended biomass solution
o 1 mL pipette
o Sterile pipette tips
o DDIW (~200 mL)
o Centrifuge tubes or falcon tubes (1 set)
o Agar plates (x5+)
o Spreader
o Pen
o 70% ethanol
o Bunsen burner
1) Sterilize the biosafety hood.
2) If not already labeled, label the dilutions on the falcon tubes: 1:10, 1:102, 1:103, 1:104, 1:105,
1:106, 1:107, 1:108, and 1:109.
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You are able to autoclave the tubes so you can reuse them. Centrifuge tubes are more
difficult to autoclave, so falcon tubes are recommended if you plan to reuse them. See
Section VI(B) for details on how to autoclave the falcon tubes.
3) It is standard practice to label the bottom of the agar plates (for E. coli ATCC 25922, use
Trypicase agar plates) with the organism(s), the date and time, your name/initials, and the dilution
of the plate (1:10, 1:102, 1:103, 1:104, 1:105, 1:106, 1:107, 1:108, and/or 1:109). However, you may
want to just label the lid to make it easier to mark the bottom of the plate when you do your
counting.
a. Before using the agar plates for spread plating, the agar plates needed should be removed
from the 4°C refrigerator and put into the biosafety hood for several hours. This allows
the plates to warm to room temperature and gives them time to become completely dry;
there should be no condensation on the lids when they are used.
2) Place all the materials in the biosafety hood.
3) Take a sterile 250 mL flask to the DDIW (Section II(C)) to get about 200 mL of DDIW.
4) Using a pipette set at 1000 μL (1 mL) in the biosafety hood, transfer 9 mL of DDIW water to
each of the falcon tubes. You can use the same pipette tip for this step, saving you time and
resources.
o If you are confident that you do not need to do all the dilutions, then you do not have to.
However, if your spread plates do not come out with a CFU count between 30 and 300,
then your entire experimental trial was worthless.
5) Using another sterile pipette tip, add 1 mL of the suspended biomass solution to the 1:10 falcon
tube. Now you have the 1:10 dilution. Gently shake the tube to mix the contents.
6) Making the dilutions:
a. Get a fresh pipette tip.
b. Remove the caps on the 1:10 and the 1:102 tube, but know which lid goes to which vial.
c. Transfer 1 mL of the 1:10 tube to the 1:102 centrifuge tube.
d. Replace the caps.
e. Shake the 1:102 tube to mix the contents.
f. Discard the pipette tip.
g. Repeat these steps until all dilutions are prepared (hint: if you forget which dilution you
are on, it is the tube with 10 mL and not 9 mL).
7) Change the volume on the pipette to 100 μL (0.1 mL).
8) Transferring to agar plates:
a. Get a fresh pipette tip.
b. Gently shake the 1:10 tube.
c. Remove the lids on the 1:10 tube and the 1:10 agar plate.
d. Transfer 0.1 mL of the 1:10 tube to the 1:10 agar plate.
e. Discard the pipette tip.
f. Replace the cap/lid.
g. Move this agar plate to the side.
h. Repeat these steps until all agar plates are prepared.
9) Carefully transport all of the agar plates to the fume hood.
10) Doing the spread plating:
a. Sterilize the spreader with 70% ethanol and a Bunsen burner. Let it cool for about 20
seconds.
b. Remove the lid of the first agar plate, and touch the spreader against the agar where no
liquid is to fully cool the spreader.
c. Use the spreader to spread the liquid over the whole plate, moving the spreader back and
forth. Rotate the agar plate and continue the back and forth spreading motion. Use the
other hand to continuously turn the agar plate while spreading back and for forth. Repeat
this process multiple times.
o
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d. Replace the lid onto the dish.
e. Repeat these steps until all plates have been spread.
11) Let the liquid absorb into the agar for 5-10 minutes.
a. Pour all of the dilution tubes into a beaker and dispose of this liquid into the biosafety
container. Rinse the tubes and caps 3 times and set them inverted in the rack to dry
overnight.
12) Move the agar plates to the incubator. Invert the agar plates and incubate them for 24-48 hours at
37°C.
13) Analyzing these plates is described in Section VII(B). For now, go to next step.

(N)

Total Solids Sampling

Materials do not need to be autoclaved after use, only before. However, everything should be
cleaned afterwards.
•

1)

2)
3)
4)
5)

(O)

Materials:
o Suspended biomass solution
o 1 mL pipette
o Sterile pipette tips
o Aluminum dishes (x3)
Remove the 3 aluminum dishes from the desiccator.
a) These dishes should always be set on a clean surface, like a Chem-wipe as to not pick up
any solids.
Wipe the scale with a Chem-wipe Weigh the dishes on the scale to the thousandth gram. Record
these values. Weigh them all again to confirm their mass.
Using a pipette and sterile pipette tip, transfer some suspended biomass solution to the aluminum
dishes (15-18 is recommended). Record the volume added.
The dishes are carefully moved to the oven to dry overnight at 105°C. Be VERY CAREFUL not
to spill the dishes; if you spill any, you will need to start this entire process over.
Analyzing these dishes is described in Section VII(A). For now, go to the next step.

Cleaning Materials

Materials do not need to be autoclaved after use, only before. However, everything should be
cleaned afterwards.
1) Rinse the membrane cell with DSW and wipe it down with a paper towel. Place the parts back on
the metal rack.
2) Clean the tubing:
a) Remove the permeate tubing from the membrane cell and drain the tubing into the waste
container.
b) Connect the influent tubing and concentrate tubing to the straight connector.
c) Remove the E. coli tubing from the E. coli feed solution. Pump air through the tubing to
flush the E. coli feed solution out of the tubing.
d) Fill a flask with 500 mL of TW. Put the nutrient feed tubing and the E. coli feed tubing
into the flask. Pump the TW through the tubing into the waste container at 100 mL/min.
Repeat this step.
3) Pour the remainder of the nutrient feed solution into the sink. Use a beaker to pour about 3 liters
of DSW into the carboy. Put the cap on the carboy and swirl the water around in the carboy. Pour
the water into the sink. Put the carboy into the fume hood.
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4) Pour the rest of the E. coli feed solution into the biosafety waste container. Do not let the stir bar
fall into the container. Wash out the container in the sink and recover the stir bar. Put the stir bar
in the stir bar cleaning beaker.
5) The aluminum tray is rinsed with TW in the sink.
6) Concentrate waste:
a) Add pool chemical (10% sodium hypochlorite, compared to ~5% in commercial bleach)
to the water, so the waste solution is 5% pool chemical (1 part bleach to 9 parts culture).
b) Because the concentration of bacteria is so low, and the bacterium is BSL-1, this can be
disposed in the sink after disinfection. The volume of bacterial sample wasted is recorded
for records.
c) Rinse the 10 L container with TW.
7) Permeate waste:
a) Because the permeate waste should contain no cells, it can be poured down the sink.
b) Rinse the container with TW.
8) Flasks and beakers not containing biological waste or feed solution are cleaned with soap and
water and placed on the drying rack.
9) Flasks and beakers containing biological waste or feed solution are poured into the biohazard
container. After that, they are cleaned with soap and water and set on the drying rack.
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VII.

DATA ANAYLSIS

The following day, the cell count and the TS measurements can be calculated. The spread plates
needed to be incubated for 24 hours, while TS measurement can be made once the dishes have dried. You
may want to start another experimental trial before analyzing the data.
Observed biofilm mass on the membrane coupon is expressed as mass of TS over the area of the
active membrane surface, giving units of mg/cm2. The cell counting method is expressed in Colony
Forming Units (CFUs) over the active membrane space, giving units of CFUs/cm2.

(A)

Total Solids Measurement
•
•
1)
2)

3)
4)

5)
6)
7)

(B)

This is a continuation of Section VI(N).
An excel sheet has been prepared to perform the required calculations.
Take the 3 dishes out of the oven. Be careful, they may be hot.
Set them on a Chem-wipe by the scale, and let them cool down for about 30 seconds.
a) If you weight them directly out of the oven, the scale will actually read a different mass
than if they are cooled.
Weigh them with the scale, and record this data. Weigh them again to confirm the mass.
Now, you have the following information:
a) Total volume of the suspended biomass solution.
b) Mass of the aluminum dishes alone
c) Total volume of suspended biomass sample added to the dishes.
d) Mass of the dishes with dried biomass.
Subtract the mass of dishes with dried biomass with the mass of the aluminum dish alone. This is
the total solids measurement.
Divide this number by the volume of sample you added to the dish. Now you have units of g/mL.
Multiple by the total volume of the suspended biomass solution. Now you have units of g, which
corresponds to the total biomass that was formed during the experimental trial.

Cell Count
•
•

•
1)
2)
3)

4)

This is a continuation of Section VI(M).
When doing spread plating, the statistically significant range is 30 to 300 CFU. After 300 CFU,
the agar plate is considered too crowded and the colonies may not even be truly distinguishable
from one another. In that case, another dilution would be needed. For example, if a plate had 400
CFU, a 1:10 dilution of that sample would result (in theory) to a plate with 40 CFU. This extra
dilution also makes counting much easier and therefore lowers the possibility of a counting
mistake.
An excel sheet has been prepared to perform the required calculations.
After incubation, find the plate that has between 30 and 300 CFU.
Count the number of CFU on this plate and record it.
To calculate the concentration (CFU/mL), multiply the number of CFUs by the dilution factor
(i.e. if you count 50 colonies, and the dilution was 1:10,000, the concentration is 50 x 1000 =
5x104 CFU/mL). Record the concentration with only two significant figures.
Multiply this concentration by the total volume of the suspended biomass solution.

- B38 -

REFERENCES
(1)

Reynolds, G. C.; West, E. G. E. coli Disinfection for Dummies.

(2)

ATCC. Escherichia coli (Migula) Castellani and Chalmers ATCC ® 25922&tra
https://www.atcc.org/Products/All/25922.aspx#generalinformation (accessed Dec 19, 2016).

(3)

ATCC. Escherichia coli (ATCC 25922) Product Sheet.

(4)

Watnick, P.; Kolter, R. Biofilm, City of Microbes. J. Bacteriol. 2000, 182 (10), 2675–2679.

(5)

Herzberg, M.; Elimelech, M. Biofouling of reverse osmosis membranes: Role of biofilm-enhanced
osmotic pressure. J. Membr. Sci. 2007, 295, 11–20.

(6)

Cole-Parmer. Choosing the Right Masterflex Tubing Formulation.

(7)

McMaster-Carr. Clear Cast Acrylic Sheets, Bars, and Cubes https://www.mcmaster.com/
(accessed May 22, 2017).

(8)

Brainresearchlab.com. Plexiglass (Acrylic) Chemical Resistance Properties
https://brainresearchlab.com/wp-content/uploads/Plexiglass-Chemical-Resistance-Properties.pdf
(accessed Mar 23, 2017).

(9)

Ridout Plastics Co. Inc. Chemical Resistance Properties of Plexiglass Acrylic
http://www.eplastics.com/Plastic/plastics_library/Chemical-Resistance-of-Plexiglass-Acrylic
(accessed May 22, 2017).

(10) Chau, V. B.; Saunders, T. R.; Pimsler, M.; Elfring, D. R. In-depth disinfection of acrylic resins. J.
Prosthet. Dent. 1995, 74 (3), 309–313.
(11) Koseki, S.; Yamamoto, K. Recovery of Escherichia coli ATCC 25922 in phosphate buffered saline
after treatment with high hydrostatic pressure. Int. J. Food Microbiol. 2006, 110 (1), 108–111.
(12) Sanders, E. R. Aseptic Laboratory Techniques: Plating Methods. J. Vis. Exp. JoVE 2012, No. 63.
(13) Madigan, M.; Martinko, J.; Bender, K.; Buckley, D.; Stahl, D. Brock Biology of Microogranisms,
14th ed.; Global Edition; Pearson, 2015.
(14) Brown, A., E. Benson’s Microbiological Applications: Laboratory Manual in General
Microbiology, Short Version, 12th ed.; McGraw-Hill, 2013.

- B39 -

